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Abstract
The cholinergic system is implicated in long-term habituation, which is the decrease
in response across test sessions following repeated exposure to a stimulus. A
potential structure involved is the pedunculopontine tegmental nucleus (PPT). We
hypothesized that cholinergic PPT neurons mediate long-term habituation of the
acoustic startle response (ASR), but not exploratory behaviour in an open field.
Transgenic rats expressing Cre recombinase in cholinergic cells were microinjected
with a Cre-dependent virus encoding the inhibitory hM4Di DREADD or respective
control construct into the PPT. After the successful behavioural validation of the
transgenic ratline, long-term habituation was tested over five days following systemic
delivery of the hM4Di DREADD activator or vehicle. There was no effect of inhibiting
cholinergic PPT neurons on long-term habituation in either paradigm. This suggests
the PPT is not the source of cholinergic modulation of long-term habituation in these
paradigms and further investigation into underlying mechanisms is required.
Keywords: learning, sensory filtering, habituation, acoustic startle response, open
field, exploratory behaviour, DREADDs, chemogenetic, acetylcholine, cholinergic,
pedunculopontine tegmental nucleus
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1

Introduction

1.1

Habituation

Understanding the neural mechanisms underlying behavioural plasticity and
learning requires a reductionist approach. Often classified as one of the simplest
forms of learning, habituation is an ideal model system to investigate the neural
mechanisms of learning (Thompson and Spencer, 1966).
Habituation is an implicit, non-associative form of learning that is defined as the
decrease in response following repeated exposure to a stimulus (Rankin et al.,
2009; Thompson and Spencer, 1966). It is a universal phenomenon and
described as an elementary form of behavioural plasticity (Thompson and
Spencer, 1966). Habituation can be studied using various paradigms in multiple
species (Harris, 1943; Thompson and Spencer, 1966) making it a useful tool to
enhance our knowledge of behavioural plasticity and learning.
Understanding habituation is fundamental to the study of more complex forms of
learning and plasticity because habituation may serve as a prerequisite for higher
cognitive function (Rankin et al., 2009). As a form of sensory filtering—
mechanisms that allow an organism to filter out redundant or unnecessary
sensory information—habituation allows an organism to focus selectively on
other potentially salient information in the environment. Thus, habituation serves
as a basic building block for other types of learning and cognitive processing
(Rankin et al., 2009).
Deficits in habituation are associated with various mental disorders and
neurodegenerative

diseases

(McDiarmid

et

al.,

2017).

A

mechanistic

understanding of habituation will not only provide insight into other forms of
learning and sensory filtering, but also contribute to an overall understanding of
the functions of various neurotransmitters in the brain and their dysfunction in
mental disorders and neurodegenerative diseases.
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1.1.1

Properties of Habituation

Habituation is a decrease in response that is not caused by muscle fatigue,
general state changes, or receptor desensitization (Rankin et al., 2009;
Thompson and Spencer, 1966). Habituation can be distinguished from other
forms of plasticity by several key characteristics including stimulus specificity,
dishabituation, and spontaneous recovery. Habituation is a form of nonassociative learning and the response decrement depends only on the stimulus
presentation, but can be influenced by aspects of the stimulus such as frequency
and strength (Rankin et al., 2009; Thompson and Spencer, 1966).
Habituation is often described as an exponential decay in response; however,
variations in the response decrement can be observed because of the
simultaneous process of sensitization (Groves and Thompson, 1970; Rankin et
al., 2009). Sensitization is an independent process that has the opposite effect of
habituation to increase the behavioural response. The dual-process theory
proposes that these two mechanisms are in constant competition and the
behavioural result is the summation of these processes (Groves and Thompson,
1970). Depending on the balance between sensitization and habituation, a
facilitation in the response can be observed before it habituates. This is still an
example of habituation, but a negative exponential function is insufficient to
describe the relationship between stimulus presentation and response (Rankin et
al., 2009).
Habituation can be classified as short- or long-term depending on the period of
exposure and duration of the behavioural response (Rankin et al., 2009). Shortterm or within session habituation refers to the decrease in response during the
test session while long-term or between session habituation is the decrease in
response across several test sessions. Long-term habituation does not represent
an extension of short-term habituation, but is an independent process that also
acts to decrease the response (Rankin et al., 2009). These processes act
simultaneously and both short- and long-term habituation can be observed when
testing across multiple sessions.
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Habituation occurs for various types of behaviour including reflexive (i.e., elicited)
and motivated (i.e., emitted) behaviours (Brown, 1976; Rankin et al., 2009;
Thompson and Spencer, 1966; Williams et al., 1974). Reflexive behaviours refer
to involuntary, unconscious reactions to a stimulus that include escape
responses, such as the mammalian startle response and gill withdrawal in
Aplysia. Motivated behaviours are voluntary reactions in which the behaviour
results in more exposure to the stimulus and depends on an organism’s own
activity. Examples of motivated behaviour include aggression and exploratory
behaviour. While these represent different types of behaviour, both show the
gradual waning of response when an organism is repeatedly exposed to a
stimulus and can be used to investigate the neural mechanisms of habituation.
1.1.2

Habituation of the Acoustic Startle Response

The startle response is a highly conserved reflexive behaviour elicited by tactile,
acoustic, and visual stimuli. A simple model system to study the underlying
mechanisms of habituation is the mammalian acoustic startle response (ASR) in
which a sudden, loud acoustic stimulus results in involuntary muscle contraction
(Davis et al., 1982; Koch, 1999). The ASR is a protective and adaptive
behaviour, which allows an organism to arrest ongoing behaviour and prepare for
subsequent action or escape (Pilz and Schnitzler, 1996).
The ASR is a plastic response that can be enhanced and attenuated by
processes, such as sensitization and habituation, respectively (Groves and
Thompson, 1970; Koch, 1999). It can be attenuated by habituation following
repeated exposure to an acoustic stimulus that does not signal a biologically
significant event. The ASR often decays exponentially, but facilitation can be
observed prior to habituation (Groves and Thompson, 1970; Rankin et al., 2009;
Thompson and Spencer, 1966). Habituation of the ASR exhibits spontaneous
recovery, dishabituation, and stimulus specificity distinguishing it from receptor
adaptation and fatigue (Groves and Thompson, 1970; Jordan et al., 2000; Marlin
and Miller, 1981; Pilz et al., 2014; Rankin et al., 2009; Simons-Weidenmaier et
al., 2006).
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The primary startle pathway is well described making it ideal to study habituation
and other forms of sensory filtering (Davis et al., 1982; Koch, 1999; Lee et al.,
1996). It begins at the hair cells that detect the auditory stimulus then the sensory
information is transmitted to the spiral ganglion cells that terminate in the
cochlear nucleus or cochlear root in rodents. The secondary sensory neurons
from the cochlear nucleus/root synapse onto giant neurons in the caudal pontine
reticular nucleus (PnC), which are the sensorimotor interface of the startle
response (Lee et al., 1996; Schmid et al., 2003; Yeomans and Frankland, 1995;
Yeomans et al., 2002). The giant neurons receive sensory information from
multiple modalities and directly innervate motoneurons in the spinal cord to elicit
the startle response (Lingenhöhl and Friauf, 1992, 1994). Moreover, the giant
neurons of the PnC receive inputs from higher brain regions that can modulate
the startle response (Koch, 1999).
Both short- and long-term habituation of the ASR can be observed; however,
these are two independent processes that differ in the duration of behavioural
changes, anatomical location, and mechanism of action (Koch, 1999). Short-term
habituation is the decrease in startle response observed within a single test
session and is a transient process lasting seconds or minutes. Long-term
habituation is the decrease in startle response across several test sessions and
is a long-lasting process that operates on the timescale of days to weeks.
The mechanism underlying short-term habituation is hypothesized to reside
within the primary startle pathway (Davis et al., 1982; Leaton et al., 1985;
Lingenhöhl and Friauf, 1992; Simons-Weidenmaier et al., 2006; Weber et al.,
2002), specifically at the synapse between the secondary sensory neurons and
giant neurons of the PnC (Pilz and Schnitzler, 1996; Simons-Weidenmaier et al.,
2006; Weber et al., 2002). Previous studies have demonstrated a homo-synaptic
depression that correlates to short-term habituation (Simons-Weidenmaier et al.,
2006; Weber et al., 2002). This synaptic depression is presynaptic and may be
caused by attenuation of glutamate release (Simons-Weidenmaier et al., 2006;
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Weber et al., 2002). Phosphorylation of big potassium (BK) channels seems to
play a crucial role in this process (Typlt et al., 2013; Zaman et al., 2017).
Long-term habituation involves structures rostral to the primary startle pathway
(Leaton et al., 1985) and is caused by extrinsic modulation involving the
cerebellum and reticular formation (Jordan, 1989; Jordan and Leaton, 1982,
1983; Leaton and Supple, 1986, 1991; Leitner et al., 1981; Lopiano et al., 1990;
Storozeva and Pletnicov, 1994). Destruction of the cerebellar vermis and fastigial
deep cerebellar nuclei, which is the major output of the vermis, prevented the
acquisition of long-term habituation (Leaton and Supple, 1986, 1991; Lopiano et
al., 1990). Lesions of the mesencephalic/midbrain reticular formation (MRF)—a
component of the ascending reticular activating system (ARAS) involved in
arousal (Moruzzi and Magoun, 1949)—attenuated long-term habituation without
affecting initial responsiveness (Jordan, 1989; Jordan and Leaton, 1982, 1983;
Leitner et al., 1981). To assess whether the cerebellum and MRF were required
for retention, lesions were performed after animals were long-term habituated.
Loss of the cerebellar vermis did not affect the retention (Lopiano et al., 1990),
but loss of the MRF did (Jordan, 1989). This suggests that the locus of plasticity
responsible for long-term habituation is downstream of the cerebellar vermis, but
upstream of the MRF (Jordan, 1989; Lopiano et al., 1990).
Much remains unknown about other structures involved in long-term habituation,
but it appears to involve multiple components including learning-related
processes and decreased arousal (Gonzalez-Lima et al., 1989a, 1989b). Studies
have compared the brain metabolic activity of un-stimulated control animals (i.e.,
did not receive exposure to an acoustic stimulus) and stimulated animals that
were either short- or long-term habituated (Gonzalez-Lima et al., 1989a, 1989b).
Animals that were long-term habituated showed a suppression of the entire
ARAS, increased activity within the cerebellum localized to vermal regions, and
increased activity in the lower auditory system. Further studies are required to
determine how these structures are related and their function during long-term
habituation.
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It is hypothesised that the underlying mechanism of long-term habituation
involves an increase in activity within the long-term habituation pathway that
attenuates the startle response (Jordan, 1989). This mechanism most likely
involves an extrinsic chronic modulation of the startle pathway that affects the
sensory component involving the secondary sensory neurons or giant neurons of
the PnC (Pilz et al., 2014). A progressive increase in the release of inhibitory
neurotransmitters onto the startle pathway or within the long-term habituation
circuitry

might

be

responsible

(Jordan,

1989).

Previous

studies

have

demonstrated a potential involvement of the cholinergic (Schmid et al., 2011;
Warburton and Groves, 1969) and adrenergic system (Leaton and Cassella,
1984); however, the role of other neurotransmitters has not been fully
investigated or studies have been inconclusive (Hughes, 1984).
1.1.3

Habituation of Exploratory Behaviour

A complementary approach for studying habituation is exploratory behaviour.
Exploratory behaviour is when an organism investigates a novel environment or
object. It is a complex behaviour that is influenced by many factors including
arousal level, emotionality, attention, fear, and anxiety (Leussis and Bolivar,
2006; Papa et al., 1993).
Habituation of exploratory behaviour occurs when an organism becomes familiar
with the novel environment and reduces its activity. Initially the exploration may
be reinforcing because it results in the organism gathering relevant information
about the environment, such as food and mate availability, potential predators,
and escape routes (Williams et al., 1974). However, exploratory behaviour
habituates when the contact with the stimulus fails to signal a biologically
significant event. Habituation of exploratory behaviour has many similarities to
habituation of the ASR. It is not caused by muscle fatigue or receptor
desensitization and it shows spontaneous recovery, stimulus specificity, and
dishabituation (Platel and Porsolt, 1982; Terry, 1979). Moreover, habituation of
exploratory behaviour depends on the motivational state of the organism and can
thus be influenced by sensitization (Welker, 1957)
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Various paradigms can be used to study habituation of exploratory behaviour
including the nose-poke response, mazes, or open field apparatuses (Cerbone
and Sadile, 1994; Green and Summerfield, 1977; Green et al., 1975; Williams et
al., 1974). The nose-poke response measures exploratory behaviour by the
frequency and/or duration of animals investigating a tube in the response
apparatus and locomotor activity within the apparatus. In mazes or open-field
paradigms, the stimulus is the novel environment and exploratory behaviour is
monitored by activity within the apparatus.
Habituation of exploratory behaviour can also be classified as short- and longterm (Cerbone and Sadile, 1994; Leussis and Bolivar, 2006). Short-term
habituation reflects a decrease in activity within a single test session and is
thought to reflect adaptability. It requires a learning component where the animal
is acquiring information about the environment; however, this learning is not
tested by re-exposure (Leussis and Bolivar, 2006). Long-term habituation is the
decrease in activity following re-exposure in which the behavioural activation is
attenuated (Cerbone and Sadile, 1994; Platel and Porsolt, 1982). Like other
forms of learning, long-term habituation requires consolidation processes after
the first exposure to the novel environment (Platel and Porsolt, 1982). Moreover,
long-term habituation depends on the duration of exposure and period between
exposures (Cerbone and Sadile, 1994; Platel and Porsolt, 1982). Increasing the
inter-session interval attenuates long-term habituation and variations in the intersession interval can be used to test drugs that enhance or impair memory (Platel
and Porsolt, 1982).
Habituation of exploratory behaviour is a complex process involving diffuse
networks throughout the brain (Cerbone and Sadile, 1994; Papa et al., 1993). It
requires both subcortical processing and cortical involvement for long-lasting
plasticity (Cerbone and Sadile, 1994). Exposure to a novel environment induces
expression of immediate early gene (IEG) products c-fos and c-jun—markers for
cellular activity and neuroplasticity—in the reticular formation, vestibular nuclei,
and hippocampus followed later by somatosensory and cerebellar cortical
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involvement (Papa et al., 1993). Animals that were re-exposed to the novel
environment (i.e., long-term habituated) still had expression of these IEG
products; however, the expression was lower implying the activation not only
involved sensory stimulation and novelty detection, but also learning and other
processes such as arousal, attention, and motivation (Cerbone and Sadile, 1994;
Papa et al., 1993).
Habituation of exploratory behaviour is strongly linked to hippocampal function,
which is not surprising given the importance of the hippocampus in spatial
mapping (O’Keefe and Dostrovsky, 1971). Both short- and long-term habituation
require a functioning hippocampus (Cerbone and Sadile, 1994; Roberts et al.,
1962). Moreover, repeated exposure to a novel environment results in
expression changes of IEG products within the hippocampal formation. Animals
previously exposed to a novel environment had decreased c-fos expression in
hippocampal output regions to the cortex such as the hippocampal CA1
subregion and entorhinal cortex (VanElzakker et al., 2008). However, various
other

structures

are

implicated

including

the

nucleus

accumbens,

tuberomammillary nucleus, amygdala, and locus coeruleus (Cerbone and Sadile,
1994; Huston et al., 1997; Schildein et al., 2000, 2002).
The mechanism underlying habituation involves multiple factors due to its diffuse
nature and multi-stage progression (Cerbone and Sadile, 1994; Platel and
Porsolt, 1982). The role and relationship between these factors is difficult to
assess because of their involvement in secondary processes that influence
habituation, such as attention, motivation, and arousal. However, various studies
have demonstrated the involvement of acetylcholine, glutamate, and serotonin in
the mechanism underlying habituation (Bidziński et al., 1998; Carey et al., 1998;
Green and Summerfield, 1977; Green et al., 1975; Izquierdo et al., 1992;
Schildein et al., 2000, 2002). Further studies are needed to assess the role of
dopamine in habituation: specifically if it is involved in habituation, secondary
processes, or only locomotion itself (Leussis and Bolivar, 2006). Moreover, many
molecules

modulate

habituation

and

exploratory

behaviour

including
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vasopressin, glucose, insulin, nitric oxide, and other factors (Leussis and Bolivar,
2006).

1.2

Cholinergic System and Habituation

Acetylcholine is a neuromodulator that has been implicated in numerous
functions including arousal, attention, cognition, memory, and learning (Picciotto
et al., 2012). The cholinergic system can be divided into two major centres in the
brain: the basal forebrain and brainstem groups with cholinergic neurons also in
the striatum and forebrain (Woolf, 1991). Cholinergic signalling in the brain
involves two classes of receptors: ionotropic nicotinic receptors and metabotropic
muscarinic receptors (Picciotto et al., 2012). The nicotinic receptors are nonselective cation channels whereas the muscarinic receptors are G-protein
coupled receptors with M1, M3, and M5 receptors coupled to excitatory Gq
proteins and M2 and M4 receptors coupled to inhibitory Gi proteins.
The original hypothesis of the role of acetylcholine in habituation was a general
central inhibitory mechanism called behavioural inhibition (Carlton, 1969). This
hypothesis did not distinguish between habituation of emitted (e.g., exploratory
behaviour) and elicited (e.g., ASR) behaviours and postulated acetylcholine
acted generally to attenuate the response. Habituation of emitted and elicited
behaviours can be dissociated ontogenetically implying they do not operate by a
single mechanism (Williams et al., 1975). However, the potential role of
acetylcholine in these processes needs to be further investigated.
1.2.1

Short-term Habituation

The general inhibitory hypothesis of behavioural inhibition was updated to
dissociate short-term habituation of emitted and elicited behaviours based on
pharmacological manipulations of the cholinergic system. Treatment with the
muscarinic antagonist scopolamine disrupted short-term habituation of locomotor
activity, but did not affect habituation of the ASR (Brown, 1976; Williams et al.,
1974). While evidence against acetylcholine disrupting short-term habituation of
the ASR is robust (Overstreet, 1977; Warburton and Groves, 1969; Williams et
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al., 1974), the effect of pharmacological manipulation on short-term habituation of
exploratory behaviour is unclear (Green and Summerfield, 1977). Multiple studies
demonstrated that scopolamine treatment did not affect short-term habituation of
locomotor activity and the peripheral effects of scopolamine were responsible for
previous disruptions (Graf, 1974; Green and Summerfield, 1977; Green et al.,
1975; Walters and Block, 1969). Treatment with cholinergic agonists, such as
arecoline and nicotine, attenuated short-term habituation; however, attenuations
in short-term habituation were also explained by peripheral effects (Green and
Summerfield, 1977). Therefore, a commonality between short-term habituation of
these behaviours was re-established with both being resistant to pharmacological
cholinergic disruption.
The role of the cholinergic system was also assessed using medial septal
nucleus lesions. The medial septal nucleus provides cholinergic input to the
hippocampus and lesions of the nucleus that disrupted hippocampal theta rhythm
that corresponded to activated states was associated with cholinergic modulation
(Cerbone and Sadile, 1994; Rawlins et al., 1979; Woolf et al., 1984). The original
hypothesis of behavioural inhibition was scopolamine acted upon the septohippocampal system to result in habituation (Feigley and Hamilton, 1971). Again,
some studies demonstrated deficits in short-term habituation of both processes
(Williams et al., 1974) while others showed no effect (Feigley and Hamilton,
1971; Miller and Treft, 1979). Moreover, the medial septal nucleus sends other
projections to the hippocampus that modulate hippocampal theta rhythm (Sotty et
al., 2003). While the role of acetylcholine in short-term habituation is unclear
there is a potential for cholinergic modulation of long-term habituation.
1.2.2

Long-term Habituation of the Acoustic Startle Response

Alterations of the cholinergic system with scopolamine and in transgenic models
disrupt long-term habituation of the ASR. Animals that received scopolamine
treatment prior to the initial startle test had decreased long-term habituation on a
second un-drugged test relative to animals receiving vehicle on the first exposure
(Warburton and Groves, 1969). Moreover, a recent study demonstrated a
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disruption in long-term habituation in a mouse model with reduced cholinergic
tone (Schmid et al., 2011). Mice with a knockdown in vesicular acetylcholine
transporter (VAChT) had disrupted long-term habituation that was rescued by
pre-testing injections of the acetylcholine esterase inhibitor galantamine;
however, post-testing injections failed to rescue the deficit. This suggests
cholinergic transmission is involved in the acquisition and/or mediation of longterm habituation.
The mechanism underlying long-term habituation might be an inhibitory
neurotransmitter, such as acetylcholine, acting directly on the startle pathway
(Jordan, 1989; Schmid et al., 2011). The startle pathway receives cholinergic
input to the cochlear nucleus and giant neurons of the PnC (Koch et al., 1993;
Semba et al., 1990; Sherriff and Henderson, 1994). The pedunculopontine
tegmental nucleus (PPT) of the cholinergic brainstem group provides cholinergic
innervation of the PnC (Bosch and Schmid, 2008; Koch et al., 1993; Semba et
al., 1990). In vitro electrophysiological experiments have demonstrated the effect
of acetylcholine on the startle-mediating giant neurons of the PnC (Bosch and
Schmid, 2006, 2008). Application of the muscarinic agonist oxotremorine
inhibited the giant neurons whereas application of M2 and M4 antagonists
partially antagonized this inhibition (Bosch and Schmid, 2006). The cochlear
nucleus receives cholinergic afferents from the superior olivary complex (Sherriff
and Henderson, 1994), which has increased activity following long-term
habituation (Gonzalez-Lima et al., 1989a, 1989b). Alternatively to direct
cholinergic modulation of the startle pathway, acetylcholine may act within the
long-term habituation pathway to mediate the decrease in response (Jordan,
1989); for example, at the level of the cerebellar vermis which receives
cholinergic input (Jaarsma et al., 1997).
1.2.3

Long-term Habituation of Exploratory Behaviour

Acetylcholine plays a complex role in long-term habituation of exploratory
behaviour acting during the consolidation phase and in secondary processes.
Long-term habituation was disrupted by scopolamine treatment administered
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following initial exposure to the novel environment during the consolidation period
(Platel and Porsolt, 1982; Popović et al., 2014). Moreover, nicotine had the
opposite effect and was found to enhance memory with animals showing
improved habituation (Platel and Porsolt, 1982). In regards to cholinergic
modulation of the response, the hippocampus and basal forebrain have been
implicated in long-term habituation of exploratory behaviour.
Lesions of the medial septal nucleus disrupted long-term habituation potentially
through modulation of the hippocampus (Cerbone and Sadile, 1994). Moreover,
intracranial injections of scopolamine into the hippocampus after initial exposure
impaired long-term habituation (Izquierdo et al., 1992) suggesting a role of
hippocampal acetylcholine in consolidation. Studies monitoring extracellular
acetylcholine using microdialysis showed increases when exposed to a novel
environment (Giovannini et al., 2001; Thiel et al., 1998). This increase did not
directly correlate with locomotor activity suggesting acetylcholine is not solely
acting through motor control, but instead could be involved in learning or acts
through secondary processes, such as attention, motivation, or fear. Upon reexposure to the novel environment these studies had conflicting results with one
study showing decreased cholinergic activation (Giovannini et al., 2001) and the
other showing no change (Thiel et al., 1998). Therefore, acetylcholine
transmission in the hippocampus could be acting in multiple components in longterm habituation.
The nucleus accumbens—a component of the basal forebrain—has been
implicated in the consolidation of long-term habituation. Microinfusions of nicotine
into the core of the nucleus accumbens during the consolidation phase had a
memory-enhancing effect whereas the antagonist mecamylamine had an
amnesic effect (Schildein et al., 2002). Long-term habituation of exploratory
behaviour was unaffected in an alpha-7 nicotinic receptor knockout model;
however, other nicotinic receptors may mediate the response (Azzopardi et al.,
2013). In addition to nicotinic receptor involvement, scopolamine injections into
the core of the nucleus accumbens during the consolidation phase impaired long-
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term habituation suggesting involvement of muscarinic receptors in addition to a
nicotinic receptor involvement (Schildein et al., 2000).
1.2.4

Summary of Cholinergic Modulation of Habituation

Acetylcholine modulates learning and behaviour, specifically habituation (Carlton,
1969). Cholinergic modulation of long-term habituation of exploratory behaviour
involves multiple components in both consolidation and secondary processes.
This modulation involves the medial septal nuclei, hippocampus, and nucleus
accumbens (Giovannini et al., 2001; Roberts et al., 1962; Schildein et al., 2000;
Thiel et al., 1998). Less is known about the role of acetylcholine in long-term
habituation of the ASR and acetylcholine could act within the startle pathway or
long-term habituation circuitry. A potential source of this innervation could be the
cholinergic PPT, which together with the laterodorsal tegmental nucleus (LDT)
and parabigeminal nucleus (PBG) form the cholinergic brainstem group (Woolf
and Butcher, 1986).

1.3

Pedunculopontine Tegmental Nucleus

The PPT comprises a functionally diverse cell group located in the brainstem.
The PPT is connected to many regions of the brain and is implicated in various
functions including sleep regulation, arousal, locomotor control, sensorimotor
gating, and learning (Gut and Winn, 2016).
The PPT contains a heterogeneous population of intermingled cholinergic,
GABAergic, and glutamatergic neurons (Wang and Morales, 2009). These
neurons differ in their physiological properties, connectivity, and function (MenaSegovia and Bolam, 2017). The PPT can be subdivided into anterior and
posterior portions with different distributions of these neurons (Wang and
Morales, 2009). The anterior PPT, or pars dissipata, contains a higher proportion
of GABAergic neurons whereas the posterior PPT, or pars compacta, has a
higher abundance of glutamatergic and cholinergic neurons. The release of
neurotransmitters seem to occur independently in rats (Wang and Morales,
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2009); however, co-transmission might occur in other species (Jia et al., 2003;
Lavoie and Parent, 1994).
The cholinergic PPT neurons (cholinergic group 5, Ch5) define the boundaries of
the PPT and together with the cholinergic LDT neurons (Ch6) are called the
mesopontine cholinergic neurons (Mesulam et al., 1983; Woolf and Butcher,
1986). The mesopontine cholinergic neurons release nitric oxide (Vincent et al.,
1986). Because of this property the mesopontine cholinergic neurons can be
selectively labelled with nicotinamide adenine dinucleotide phosphate diaphorase
(NADPH-d) immunohistochemistry since they express the nitric oxide synthase
NADPH-d (Hope et al., 1991; Vincent et al., 1983, 1986). Cholinergic neurons
also express the urotensin II receptor, which can be used to selectively target
these neurons. Diphtheria toxin conjugated to urotensin II (Dtx-UII) can be used
to perform cholinergic-specific lesions to assess the function of cholinergic
mesopontine neurons (Clark et al., 2007).
1.3.1

Connectivity

The PPT is highly interconnected to functionally diverse areas such as the basal
ganglia, cortex, thalamus, and brainstem (Saper and Loewy, 1982; Semba and
Fibiger, 1992; Fig. 1). Often these connections can be defined topographically
distinguishing the anterior and posterior PPT in connectivity in addition to
neurochemical gradients (Martinez-Gonzalez et al., 2011).
The PPT receives input from many regions of the brain including the cortex,
basal ganglia, cerebellum, thalamus, and brainstem (Saper and Loewy, 1982;
Semba and Fibiger, 1992). The majority of cortical input in the rodent is from the
primary auditory cortex and premedial frontal cortex (Schofield and Motts, 2009;
Semba and Fibiger, 1992). It also receives input from the basal ganglia including
the subthalamic, entopeduncular and ventral tegmental nuclei along with the
substantia nigra (Jackson and Crossman, 1981; Semba and Fibiger, 1992).
Afferents from the substantia nigra preferentially target the non-cholinergic
neurons in the anterior PPT (Grofova and Zhou, 1998). Components of the
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auditory system innervate the PPT including the superior olivary complex, ventral
cochlear nucleus, lateral lemniscus, and inferior coliculus (Semba and Fibiger,
1992). The PPT is also innervated by the dorsal raphe nucleus, superior
colliculus, deep cerebellar nuclei, and contralateral LDT and PPT (Semba and
Fibiger, 1992).
The efferent connectivity of the PPT is diverse and includes innervation of the
basal ganglia, thalamus, tectum, and brainstem. The innervation of the basal
ganglia can be defined topographically and includes cholinergic, GABAergic, and
glutamatergic innervation (Martinez-Gonzalez et al., 2011; Mena-Segovia et al.,
2008). The anterior PPT targets the entopeduncular nucleus and substantia nigra
whereas the posterior PPT targets the subthalamic nuclei and ventral tegmental
area (Martinez-Gonzalez et al., 2011; Saper and Loewy, 1982). The posterior
PPT innervates the thalamus, inferior colliculus, superior colliculus, and reticular
formation including the PnC (Grofova and Keane, 1991; Koch et al., 1993; Saper
and Loewy, 1982; Schofield and Motts, 2009; Semba et al., 1990). Innervation of
both the central gray and MRF by the posterior PPT is high (Semba and Fibiger,
1992). A large portion of the output to the thalamus is cholinergic and the inferior
colliculus receives the majority of its cholinergic input from the PPT and LDT
(Martinez-Gonzalez et al., 2011; Sherriff and Henderson, 1994).
Cholinergic and non-cholinergic neurons differ in their efferent connectivity with
cholinergic neurons issuing long axons that innervate multiple structures (MenaSegovia et al., 2008; Semba et al., 1990). Non-cholinergic neurons are restricted
in length and issue few collaterals. Interestingly, cholinergic neurons form a local
network within the PPT and these same neurons can innervate structures in
different brain regions (Mena-Segovia et al., 2008).
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Figure 1. Schematic of the connectivity of the pedunculopontine tegmental
nucleus.
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1.3.2

Function

The distribution of neuronal types along the rostral-caudal axis and diverse
connections of the PPT gives rise to its functional diversity. The PPT is
associated with the sleep-wake cycle, locomotor activity, gating of the startle
reflex, orienting response, and aspects of cognitive processing. However, notions
of the role of the PPT in these processes is constantly changing (Gut and Winn,
2016).
The PPT is involved in arousal and wakefulness as part of the ARAS. The
traditional view of PPT involvement in sleep regulation and arousal/wakefulness
was that the cholinergic mesopontine neurons were largely responsible for the
maintenance of cortical activated states such as wakefulness and rapid eye
movement (REM) sleep (Steriade et al., 1990). However, loss of the PPT with
excitotoxic lesions failed to prevent REM sleep or affect sleep-wake regulation
(Deurveilher and Hennevin, 2001). Cholinergic PPT neurons are active during
REM sleep (Boucetta et al., 2014); however, chemogenetic activation of
cholinergic PPT neurons did not affect REM sleep or time spent awake (Kroeger
et al., 2017). Instead cholinergic PPT neurons are involved in brain state
transitions and not in the maintenance of activated states (Mena-Segovia et al.,
2008; Petzold et al., 2015). Cholinergic neurons promote arousal by short, phasic
responses to sensory information during state transitions and non-cholinergic
neurons appear to have a more prominent role in maintaining global activation
(Petzold et al., 2015). This is further supported by chemogenetic activation of
glutamatergic neurons increasing wakefulness (Kroeger et al., 2017). Therefore,
it appears the PPT is involved in arousal and wakefulness through distinct, but
complementary actions of both cholinergic and non-cholinergic neurons.
Another traditional view of the PPT is its role in locomotion as a component of the
mesencephalic locomotor region along with the cuneiform nucleus (Gut and
Winn, 2016). This role was demonstrated when electrical stimulation of the
mesencephalic locomotor region in de-cerebrated rats induced locomotion
(Skinner and Garcia-Rill, 1984). However, studies have demonstrated that the
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loss of the PPT does not affect spontaneous locomotion, drug induced
locomotion, or gait parameters in rodents (Alderson et al., 2003; Inglis et al.,
1994; MacLaren et al., 2014a; Steiniger and Kretschmer, 2004). Subtle deficits in
locomotion are observed in tasks that require forced acceleration or grasping
suggesting an inability to receive sensory information feedback to alter motor
behaviour (MacLaren et al., 2014a). Therefore, the role of the PPT in locomotion
is consistent with the PPT receiving sensory information to guide ongoing
behaviours rather than as a component of the mesencephalic locomotor region
essential for locomotion.
The PPT has been implicated in aspects of cognitive processing including
attention, reward learning, operant learning, and decision-making (Alderson et
al., 2004; Cyr et al., 2015; Kozak et al., 2005; Laviolette et al., 2002; Maclaren et
al., 2013; Olmstead and Franklin, 1994; Thompson et al., 2016; Xiao et al.,
2016). Recent studies demonstrated a role of the PPT in sustained attention,
which is the ability to detect stimuli over a long period of time. Both excitotoxic
and cholinergic-specific lesions reduced performance in attentional tasks (Cyr et
al., 2015; Inglis et al., 2001; Kozak et al., 2005). The PPT is implicated in reward
learning and excitotoxic lesions of the PPT disrupted conditioned place
preference (CPP) to nicotine, morphine, and d-amphetamine (Bechara and van
der Kooy, 1989; Laviolette et al., 2002; Olmstead and Franklin, 1994). This
function is related to the cholinergic PPT neurons as activation of cholinergic
neurons with optogenetic stimulation induced CPP (Xiao et al., 2016). PPT loss
also affects operant training with an opiate reward of d-amphetamine and heroin
(Alderson et al., 2004; Olmstead et al., 1998). This is a function of the posterior
PPT (Alderson et al., 2004; Maclaren et al., 2013) and might reflect the ability to
update action-outcome associations (Maclaren et al., 2013). PPT neurons do not
simply convey information about choice, but are involved in the decision making
process. Activity of PPT neurons during a decision making task reflected the
upcoming action and encoded information about previous reward choices
(Thompson and Felsen, 2013; Thompson et al., 2016). This likely does not reflect
a function of cholinergic neurons (MacLaren et al., 2016a; Steidl et al., 2014).
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The PPT does not seem involved in non-associative and spatial learning. Deficits
in tasks requiring spatial working memory following PPT loss are thought to be
caused by either an inability to form associations or lack of attention (Dellu et al.,
1991; Keating and Winn, 2002; Taylor et al., 2004). Studies investigating the role
of the PPT in non-associative learning are limited; however, cholinergic-specific
lesions did not impair long-term habituation of exploratory behaviour (MacLaren
et al., 2016a). Thus, the function of the PPT in cognitive processes involves
complementary roles through sustained attention and updating associations (Gut
and Winn, 2016).
The PPT has been associated with sensorimotor gating and modulating the ASR.
In particular, the PPT is implicated in prepulse inhibition (PPI), which is a preattentive mechanism that attenuates the startle response when a non-startling
prepulse precedes the startle stimulus (Koch, 1999). The traditional hypothesis is
that cholinergic PPT neurons project to the giant neurons of the PnC to elicit PPI
(Fendt et al., 2001; Koch et al., 1993). Studies found that non-specific lesions of
the PPT produced deficits in PPI and over a third of damaged neurons were
cholinergic (Koch et al., 1993; Swerdlow and Geyer, 1993). Cholinergic input
from the PPT inhibits the giant neurons of the PnC in vitro (Bosch and Schmid,
2008) and microinfusions of scopolamine in the PnC reduced PPI and startle
magnitude (Fendt and Koch, 1999). However, cholinergic-specific lesions of the
PPT did not produce deficits in PPI, but reduced the ability to startle (MacLaren
et al., 2014b). Likewise, recent optogenetic activation of cholinergic PPT neurons
in our lab seemed to impact baseline startle responses, but did not disrupt PPI
(Azzopardi et al., unpublished). Thus, the cholinergic PPT neurons appear to
modulate startle magnitude, but do not mediate PPI. The relationship of the PPT
in respect to habituation of the ASR has not been studied in detail; however,
excitotoxic lesions did not affect long-term habituation (Koch et al., 1993). The
PPT also plays a role in the orienting response through its connections to the
superior colliculus (Yeomans, 2012). This function parallels inhibition of defense
responses such as startle so that PPT neurons coordinate eye saccades and
head turns in preparation for subsequent action.
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1.4

Rationale

The cholinergic system has long been implicated in habituation (Carlton, 1969).
Acetylcholine appears to be involved in long-term, but not short-term habituation
of both reflexive and motivated behaviours (Green and Summerfield, 1977; Platel
and Porsolt, 1982; Warburton and Groves, 1969; Williams et al., 1974). Longterm habituation of the ASR (i.e., reflexive) and exploratory behaviour (i.e.,
motivated) can be disrupted by pharmacological and genetic manipulations of the
cholinergic system (Platel and Porsolt, 1982; Schmid et al., 2011; Warburton and
Groves, 1969). A potential midbrain structure that might mediate long-term
habituation of the ASR is the PPT through release of acetylcholine onto the
startle pathway or other aspects of the long-term habituation circuitry. Cholinergic
PPT neurons project to the giant neurons of the PnC (Bosch and Schmid, 2008;
Koch et al., 1993) and these projections have been shown to have an inhibitory
effect on the startle-mediating neurons in vitro (Bosch and Schmid, 2008). In
addition to projections to the primary startle pathway, the PPT connects to other
aspects of the long-term habituation circuitry including the MRF, deep cerebellar
nuclei, and auditory system (Semba and Fibiger, 1992; Sherriff and Henderson,
1994). Conversely, cholinergic PPT neurons do not appear to be involved in
long-term habituation of exploratory behaviour as animals with cholinergicspecific lesions had no long-term habituation deficits (MacLaren et al., 2016a).
Cholinergic modulation of long-term habituation of exploratory behaviour may
involve a component of the basal forebrain instead of the cholinergic midbrain
(Giovannini et al., 2001; Schildein et al., 2000, 2002).
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1.5

Hypothesis, Aims, and Approach

1.5.1

Hypothesis

Cholinergic PPT neurons mediate long-term habituation of the ASR, but not longterm habituation of exploratory behaviour in an open field.
1.5.2
•

Aims
Perform a behavioural validation of the Tg(Cre-ChAT) 5.1Deis transgenic
rat model in habituation of the ASR and exploratory behaviour in an open
field

•

Use the model to assess the behavioural impact of inhibition of cholinergic
PPT neurons on long-term habituation of the ASR and exploratory
behaviour in an open field

1.5.3

Approach

A designer receptors exclusively activated by designer drugs (DREADD)-based
chemogenetic approach in combination with a transgenic rat model was used to
assess the role of cholinergic PPT neurons in long-term habituation. DREADDs
are genetically modified muscarinic receptors that no longer respond to the
endogenous ligand, but instead bind the DREADD activator clozapine-N-oxide
(CNO; Urban and Roth, 2015). An inhibitory hM4Di DREADD was used that
activates G-protein inwardly rectifying potassium channels to hyperpolarize the
cell (Armbruster et al., 2007). PPT neurons were targeted with stereotaxic
microinfusions of a Cre-dependent recombinant adeno-associated virus (rAAV)
that expresses the inhibitory hM4Di DREADD (Armbruster et al., 2007).
Cholinergic specificity was established with a transgenic rat model—Long EvansTg(Cre-ChAT)5.1Deis—that expresses Cre recombinase in cholinergic neurons
under the choline acetyltransferase (ChAT) promoter (Witten et al., 2011). Prior
to behavioural testing, cholinergic PPT neurons could be silenced with systemic
delivery of the designer drug CNO.
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2

Methodology

2.1

Animals

Cholinergic specificity was established using a commercially available transgenic
ratline (Long Evans-Tg(Cre::ChAT)5.1Deis) that expresses Cre recombinase in
cholinergic cells (Rat Resource & Research Center, RRRC; Columbia, MO,
USA). The transgene containing Cre recombinase was introduced into the
genome using a bacterial artificial chromosome (BAC; BAC address: RP23246B12). Cre recombinase is expressed under the control of the ChAT promoter
immediately before the ATG of the mouse ChAT gene (Witten et al., 2011).
Hemizygous Long Evans Tg(Cre::ChAT)5.1 Deis (CreChAT) rats were obtained
from RRRC (RRRC#00658) and the transgene was maintained by breeding
hemizygous male CreChAT rats with wild-type females (Charles River, St.
Constant, QC, Canada). Genotyping was conducted on tissue collected from ear
punches post-weaning. PCR was performed as previously described (Witten et
al., 2011) and the primers used were: 5’-AGA GTA CAC TGT GGG CAG GA and
5’-GCA AAC GGA CAG AAG CAT TT. Food and water were available ad libitum
and temperature was maintained at 21 ± 1°C. Rats were under a continuous 12hour light-dark cycle with lights on at 7 am. Testing occurred during the light
phase to minimize activity during behavioural testing. All animal procedures were
approved by the University of Western Ontario Animal Care Committee and
followed the guidelines of the Canadian Council on Animal Care.

2.2

Surgical Procedures

2.2.1

Viral Construct

The DREADD viral construct (rAAV8-hSyn-DIO-hM4Di(Gi)-mCherry; 6.4*10e12
vg/ml, Lot#AV4980H) and the respective control viral construct lacking the
DREADD receptor (rAAV8-hSyn-DIO-mCherry, 3.8*10e12 vg/ml, Lot#AV4981B)
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were obtained from the UNC Vector Core (University of North Carolina, Chapel
Hill, NC, USA). Viral constructs were stored at -80°C.
2.2.2

Surgery and Viral Infusion

Animals were anesthetised with an induction dose of 5% isoflurane and an
oxygen flow rate of 2 L/min oxygen. A maintenance dose of 2.0% isoflurane and
flow rate of 0.8 L/min oxygen was used once the head was securely fixed in the
stereotaxic frame using blunt-ended ear bars. Meloxicam (1 mg/kg) was injected
subcutaneously prior to surgery and a 24-hour post-surgery dose was given as
an analgesic. An intramuscular injection of baytril (10 mg/kg) was given
preemptively. Both were administered up to seven days post-surgery for pain
management and treatment if required. A total volume of 5 mL of warm saline
was given intraperitoneal throughout the surgery. A midline incision exposed the
skull and bilateral holes were bored using coordinates derived from the Paxinos
and Watson rat atlas (Paxinos and Watson, 2005). Coordinates relative to
bregma were: +/- 2.0 mm in the medial/lateral plane, -7.8 mm for rats less than
350 g and -8.0 mm for rats over 350 g in the anterior/posterior plane, and -7.2
mm in the dorsal/ventral plane. A volume of 1 µL of stock titre viral suspension
was injected using a 1 µL blunt-ended Hamilton syringe (Model 7001 KH SYR,
Knurled Hub NDL, 25 gauge, 2.75 inch, point style 3; Hamilton, Reno, NV, USA).
The infusion rate was 0.1 µL per minute and the syringe was left in place for
seven minutes post-infusion before being slowly withdrawn. Silk suture was used
to close the wound. After surgery all rats were single-housed. Both males (M)
and females (F) were used in the present study.

2.3

Behavioural Testing

Animals were handled to become accustomed to the researcher prior to pretesting procedures. Pre-testing procedures included the acclimation and
acquisition of an input-output (IO) function. Startle response and open field
testing occurred on separate days in the validation study, but on the same day in
the chemogenetic inhibition study. Startle and open field testing began three- to
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four-weeks post-surgery to allow for viral expression based on pilot studies.
Animals were randomly assigned vehicle or CNO injections to produce four
separate groups: control virus + vehicle (mCherry+VEH), control virus + CNO
(mCherry+CNO), DREADD virus + vehicle (hM4Di+VEH), and DREADD virus +
CNO (hM4Di+CNO). Animals were injected intraperitoneal 20 minutes prior to the
startle test session. The order of testing was startle testing followed by open field
behaviour with a brief period between where animals were returned to their home
cage. Animals were returned to the animal room following the completion of
testing each day. This procedure was conducted on five consecutive test days
where animals received the same treatment each day.
2.3.1

Drugs

CNO was obtained from Toronto Research Chemicals (Toronto, ON, Canada).
CNO was dissolved in 20% dimethyl sulfoxide (DMSO) and 80% autoclaved
0.9% saline. A dose of 10 mg/kg was chosen based on previous work in the lab
(Azzopardi et al., unpublished data) and a previous study (Wirtshafter and
Stratford, 2016). Vehicle was 20% DMSO in saline. Both CNO and vehicle were
injected intraperitoneal at a volume of 1 mL/kg.
2.3.2

Acoustic Startle Response

2.3.2.1 Apparatus and Testing Procedure
Startle testing occurred in sound-attenuated Med Associates startle boxes and
data was recorded using reflex software SOF-825, version 6.0 (Med Associates,
St. Albans, VT, USA). Animals were placed in custom made transparent tubes
perforated with holes. The startle tube was mounted on a movement-sensitive
platform adjacent to a speaker. The whole body startle response was measured
by vertical dislocation of the platform. The dislocation was sensed by a
transducer, converted into a voltage signal, then digitalized and recorded by the
startle software. The software determined the distance from the highest positive
to negative peak within a 300 ms window after the acoustic stimulus was
presented.
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2.3.2.2 Acclimation and Input-Output Function
Five days prior to test day 1, animals had three five-minute acclimation sessions
with background noise of 65 decibel sound pressure level (dB SPL) to become
accustomed to the startle apparatus. Animals were then subjected to an IO
function three days prior to testing to determine the startle responsiveness and
gain factor to be used. The gain factor ensures the startle response lies within
the optimal range of platform sensitivity (Valsamis and Schmid, 2011). The IO
function consisted of a five-minute acclimation period followed by exposure to an
acoustic stimulus starting at 65 dB then increasing to 120 dB in 5 dB increments.
The gain was kept at 1.0 (i.e., equivalent to no gain) for the IO function and no
injections were administered. The gain factor was determined for each animal
according to its startle reactivity and then kept constant for all subsequent startle
testing.
2.3.2.3 Startle Protocol
The startle protocol consisted of a five-minute acclimation period followed by
presentation of 30 acoustic stimuli (100 dB, 20 ms duration). The inter-trial
interval for the validation study was 30 seconds while the interval was 60
seconds for the chemogenetic inhibition study. The interval of 60 seconds was
chosen to minimize short-term habituation within the test session (Jordan, 1989).
This protocol was repeated over five consecutive days for both validation and
chemogenetic inhibition.
2.3.2.4 Data Analysis
Baseline startle was assessed on the initial day of testing with the average of the
first three trials divided by the gain factor. Short-term habituation was analysed
on the first day of testing by assessing the change in normalized startle
amplitude across a single test session and determining a short-term habituation
(STH) score. Data was normalized to the average of the first three startle
responses for each animal. The STH score was calculated by dividing the
average of the last ten trials by the average of the first three trials. Average of all

26

trials for each day on the five consecutive days of testing was used to assess
long-term habituation. To calculate the average startle amplitude per day, the
data was not corrected for gain in order to reduce individual variability in startle
responsiveness between animals. A long-term habituation (LTH) score was
calculated by dividing the average of all trials on the last day of testing by the
average of all trials on the first day.
2.3.3

Open Field Behaviour

2.3.3.1 Apparatus and Testing Procedure
The open-field boxes were fabricated of plexiglass and measured 44.5 x 44.5 cm
with a wall height of 40.6 cm. The boxes were arranged in a large square with
two black inner walls and two outer transparent walls. Each box was divided into
centre and perimeter with the centre of the box measuring 19 x 19 cm. An
overhead camera monitored locomotor activity and data was recorded using
ANYMAZE software version 4.82. Animals were tracked using the centre of the
animal. Testing occurred in dim lighting conditions with two floor lamps being
placed on both sides of the apparatus. Boxes were cleaned with diluted soap
followed by 70% ethanol between sessions to remove any scent. Each test
session consisted of 20 minutes that began once the animal was placed in the
box. Testing was conducted on five consecutive days.
2.3.3.2 Data analysis
General locomotor activity was assessed on day 1 with total distance travelled.
Anxiety-like behaviour was assessed with the percent time spent in the centre of
the open-field box (Patel et al., 2012). Short-term habituation was analysed by
the change in distance travelled across four five-minute blocks. A STH score was
calculated by dividing the total distance travelled in block four by block one.
Long-term habituation was assessed by the change in distance travelled in the
first five minutes across days. The initial five minutes was chosen to assess
exploration prior to short-term habituation (Daenen et al., 2001; Iwahara and
Sakama, 1972). Only animals that completed all five days of testing were
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included in long-term habituation analysis. A LTH score was calculated by
dividing the distance travelled in the first five minutes on day 5 by the distance
travelled in the first five minutes on day 1.

2.4

Immunohistochemistry

2.4.1

Tissue Preparation

After completing behavioural testing, animals were sacrificed using a lethal dose
of sodium pentobarbital (Euthanyl: Bimeda-MTC Animal Health Inc. Cambridge,
ON, Canada). Animals were perfused transcardially with 0.9% saline to remove
the blood followed by 4% paraformaldehyde (PFA). Brains were extracted and
transferred to 30% sucrose in 0.1 M phosphate buffer (PB). Brains were sliced
into coronal sections of 40 µm using a freezing microtome, separated into four
series, and stored in cryoprotectant (30% sucrose, 30% ethylene glycol, 5% of
0.01% sodium azide in 0.1 M PB).
2.4.2

Nitroblue Tetrazolium Assay with co-Labelling of mCherry

Free-floating sections were rinsed in 0.1 M phosphate buffered saline (PBS)
following removal from cryoprotectant. Rinsing with 0.1 M PBS occurred between
subsequent steps including before and after incubation with antibodies. Tissue
was rinsed before and after treatment with DAB and NADPH solutions with 0.1 M
PB (pH 7.2 unless otherwise specified). Incubation with antibodies and solution
treatment occurred at room temperature unless otherwise specified. Following
the initial rinsing, tissue was treated with 1% H2O2 (Caledon Laboratories Ltd.,
Georgetown, ON, CAN) and blocked for an hour in PBS+ (0.1% bovine serum
albumin and 0.4% triton X 100 in 0.1 M PBS). Incubation with primary antimCherry antibody (1:50000, rabbit, polyclonal, Ab167453, Lot#GR262983-3;
Abcam, Toronto, ON, CAN) in PBS+ occurred overnight. Staining was amplified
by incubating the tissue with anti-mouse biotinylated secondary antibody (1:500,
goat, Lot #ZA0520; Vector Laboratories, CA, USA) for 1 hour followed by
treatment with an avidin-biotin complex solution (ABC; 1:500; Vectastain Elite
ABC Kit, Vector Laboratories, Burlington, CA, USA). Slices were treated with

28

3,3’-diaminobenzidine tetrahydrochloride (DAB) solution (0.04% H2O2, 0.2 mg/mL
DAB; Sigma-Aldrich, Oakville, ON, CAN). To label cholinergic neurons, tissue
was incubated with an NADPH solution (0.1 mg/mL nitroblue tetrazolium, 1
mg/mL β-NADPH, 0.3% triton X 100; Sigma-Aldrich, Oakville, ON, CAN) in 0.1 M
PB (pH 7.4) for 1 hour at 37°C covered with aluminum foil. Tissue was mounted
on positively-charged slides, allowed to air dry overnight, dehydrated, and
covered slipped using DPX-mounting media (Sigma-Aldrich, Oakville, ON, CAN).
2.4.3

Imaging and Cell Counting

Sections were imaged using a bright field Nikon DS-Qi2 microscope (Nikon, NY,
USA) and associated NIS-Elements AR software. Images were taken for each
animal perfused within 72 hours of the completion of behavioural testing.
Representative images were taken at the injection site and two other sites: one
anterior and one posterior to the injection site. The PPT of both sides was
imaged at 20x magnification. The number of blue (NADPH-d-positive), brown
(mCherry-positive), and blue-brown (co-expression of mCherry and NADPH-d)
cells was manually counted by two individuals blinded to experimental groups.
Cell counts were tracked with ImageJ software using the Fiji cell counter plugin
(Schindelin et al., 2012; Schneider et al., 2012). The inter-rater reliability was
calculated using a two-way mixed effects model intra-class correlation. The intraclass correlation was 0.85. An average of the two cell counts was used for
reporting and analysis. This methodology was adapted from Pitchers et al.,
(2010).

2.5

Statistical Analysis

IBM SPSS Statistics version 20 was used for statistical analysis. Data is
expressed as group means ± standard error of the mean (SEM). Values ±3
standard deviations from the mean (calculated using all animals) were identified
as outliers and removed from the data set as reported in the respective sections.
Two-way and three-way analysis of variance (ANOVA) tests were used where
appropriate. Three-way and four-way repeated measures ANOVA (RM-ANOVA)
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were used where appropriate to compare change across time. If post-hoc tests
were required, paired Student’s t tests with Bonferroni corrections were used.
Levene’s Test of Equality of Error Variance or Mauchly’s Test of Sphericity for
RM-ANOVA was assessed for all statistical testing. If Mauchly’s Test of
Sphericity was violated, the appropriate correction was applied depending on the
epsilon value (i.e., if ε < 0.75, Greenhouse-Geisser correction was applied, if ε >
0.75, Huynh Feldt correction was applied). The significance level used was α =
0.05.

2.6

Chemogenetic Control Experiments

Both electrophysiological and behavioural controls were conducted to assess the
efficacy of chemogenetic inhibition (see Appendix). In vitro patch clamp
recordings of control and hM4Di-expressing neurons in the PPT were performed
to assess the efficacy of chemogenetic inhibition following administration of the
CNO to the bath solution. In vivo electrophysiological PPT recordings were
performed to confirm the hM4Di-induced inhibition of neural activity at a
population level by assessing the effect of systemic delivery of 10 mg/kg CNO on
the spontaneous firing frequency and auditory responsiveness of both control
and hM4Di-expressing animals. Morphine-induced CPP was used as a positive
behavioural control in which 10 mg/kg CNO was administered prior to the
conditioning phase for both hM4Di-expressing and control rats. The test phase
was conducted in the absence of any drug administration. For more details see
the Appendix.
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3
3.1

Results
Behavioural Validation of the CreChAT Model

A chemogenetic approach was used in combination with a transgenic animal
model to investigate the role of cholinergic PPT neurons in long-term habituation
of the ASR and exploratory behaviour in an open field. Cholinergic specificity was
established using a commercially available transgenic line that expresses Cre
recombinase in cholinergic cells under the control of the ChAT promoter (Witten
et al., 2011). When paired with a microinjection of a Cre-dependent viral vector
encoding the inhibitory hM4Di DREADD, cells expressing hM4Di can be
selectively silenced following systemic delivery of CNO (Armbruster et al., 2007).
However, the ChAT promoter contains the gene encoding VAChT (Cervini et al.,
1995) and a previous transgenic mouse model using the same BAC to introduce
a transgene under the control of the ChAT promoter showed increased
acetylcholine transmission and behavioural changes (Kolisnyk et al., 2013). A
behavioural validation was therefore performed comparing transgenic CreChAT
rats to their wild-type (WT) littermates in terms of habituation of the ASR and
exploratory behaviour in an open field.
3.1.1 Startle Response Results
3.1.1.1 Startle Reactivity
Startle reactivity was compared between CreChAT rats and their WT littermates
by conducting an IO function prior to testing habituation. Changes in startle
amplitude were monitored as the sound intensity was incrementally increased
(Fig. 1A). When comparing the startle amplitude across decibel levels with a
three-way RM ANOVA (genotype x sex x sound intensity), there was a main
effect of the sound intensity that reflects the increased startle amplitude as the
sound intensity increased (Greenhouse-Geisser correction applied: F(2.645, 105.814)
= 48.546, p < 0.001; Fig. 1A). Both WT and CreChAT rats responded to
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increasing sound level similarly (F(1,40) = 1.574, p = 0.217; Fig. 1A) with the startle
amplitude increasing after 85 dB and plateauing around 110 dB. There was an
effect of sex (F(1,40) = 4.150, p = 0.048; Fig. 1B) that affected both genotypes
(F(1,40) = 1.031, p = 0.316; Fig. 1B) with males having an increased startle
amplitude relative to females. Differences between sexes can be accounted to
differences in weight, as startle testing is sensitive to weight changes. There was
no interaction between sex, genotype, and sound level (F(2.645, 105.814) = 1.003, p =
0.387; Fig. 1A).
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Figure 2. CreChAT rats displayed normal startle reactivity as assessed by
an IO function.
(A) Both WT (n = 22; 11F,11M) and CreChAT (n = 22; 11F,11M) had increased
startle responses as the sound level was increased (F(2.645, 105.814) = 48.546, p <
0.001). There were no differences between genotypes (F(1,40) = 1.574, p = 0.217).
(B) There was an effect of sex (F(1,40) = 4.150, p = 0.048) that affected both
genotypes (F(1,40) = 1.031, p = 0.316). Error bars indicate SEM. Asterisks
indicated statistically significant differences, p < 0.05.
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Short- and long-term habituation was evaluated over five consecutive days using
a startle protocol that allows for the observation of both processes. Startle
reactivity was compared on the initial day of testing by calculating baseline
startle—startle amplitude prior to short-term habituation—using the average of
the first three trials for each animal (Fig. 2A). A two-way ANOVA (genotype x
sex) revealed there was no difference between WT and CreChAT rats (F(1, 40) =
0.163, p = 0.689; Fig. 2A), but there was an effect of sex (F(1,

40)

= 4.308, p =

0.044; Fig. 2B) that affected both genotypes (F(1, 40) = 0.137, p = 0.713; Fig. 2B).
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Figure 3. CreChAT rats displayed normal startle reactivity as assessed by
baseline startle
(A) There were no differences between WT (n = 22; 11F,11M) and CreChAT (n =
22; 11F,11M) rats in baseline startle (F(1, 40) = 0.163, p = 0.689). Baseline startle
was calculated using the average of the first three trials for each rat on the first
day of testing. (B) There was an effect of sex (F(1,
affected both genotypes (F(1,

40)

40)

= 4.308, p = 0.044) that

= 0.137, p = 0.713). Error bars indicate SEM.

Asterisks indicated statistically significant differences, p < 0.05.
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3.1.1.2 Short-term Habituation
The change in startle amplitude within the test session was compared between
genotypes on the first day of testing so it was not influenced by long-term
habituation (Fig. 3A). Startle amplitudes were normalized to the average of the
first three-startle responses of each animal to account for individual variability
and compared with a three-way RM-ANOVA (genotype x sex x trial). There was
no difference between genotypes (F(1,40) = 1.494, p = 0.229; Fig. 3A) with both
displaying short-term habituation as there was a main effect of trial (GreenhouseGeisser correction applied: F(4.818,192.722) = 3.230, p < 0.001; Fig. 3A). There was
no interaction between trial, sex, and genotype (F(4.818,192.722) = 1.006, p = 0.414;
Fig. 3A) indicating the similar rate of habituation. There was no effect of sex
(F(1,40) = 0.103, p = 0.750; Fig. 3A) or interaction between sex and genotype
(F(1,40) = 0.320, p = 0.575; Fig. 3A).
Habituation was further quantified by calculating a score to determine the fraction
of initial startle remaining following short-term habituation (Fig. 3B). This shortterm habituation (STH) score was calculated using the average of the last ten
trials divided by the average of the first three and compared using a two-way
ANOVA (genotype x sex). While CreChAT animals had a trend towards a greater
reduction in startle with a STH score of 0.73 (±0.08) for WT and 0.58 (±0.04) for
CreChAT, this trend did not reach significance (F(1,40) = 2.531, p = 0.119; Fig. 3B).
There was no effect of sex (F(1,40) = 0.506, p = 0.481; Fig. 3B) or interaction
between sex and genotype (F(1,40) = 0.039, p = 0.845; Fig. 3B).
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Figure 4. CreChAT rats displayed normal short-term habituation of the ASR
(A) Both WT (n = 22; 11F,11M) and CreChAT (n = 22; 11F,11M) rats had
decreased startle amplitude following presentation of 30 acoustic stimuli with an
inter-trial interval of 30 seconds (F(14.208, 568.306) = 7.157, p < 0.001). There were
no differences between genotypes (F(1,40) = 1.494, p = 0.229). (B) STH score was
not affected by genotype (F(1,40) = 2.531, p = 0.119). STH score was calculated
by dividing the average of the last ten trials by the first three for each animal.
Error bars indicate SEM. Asterisks indicated statistically significant differences, p
< 0.05.
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3.1.1.3 Long-term Habituation
Long-term habituation was assessed by repeated exposure to the protocol for an
additional four days. The change in startle amplitude across these five
consecutive test days was compared using a three-way RM ANOVA (genotype x
sex x day). Startle amplitude for each day was calculated by taking the average
of all trials per day. There was no difference between WT and CreChAT animals
(F(1,40) = 0.453, p = 0.505; Fig. 4A). Both genotypes displayed long-term
habituation as there was an effect of day indicating the decreased startle
amplitude across test sessions (Huynh-Feldt correction applied: F(3.876,

155.055)

=

7.052, p < 0.001; Fig. 4A). There was no interaction between genotype, sex, and
day (F(3.876,

155.055)

= 0.900, p = 0.463; Fig. 4A) indicating a similar rate of

habituation between genotypes. There was no effect of sex (F(1,40) = 0.277, p =
0.602; Fig. 4A) or interaction between sex and genotype (F(1,40) = 1.005, p =
0.322; Fig. 4A). When comparing the startle amplitude on the initial day of testing
to the last day with post hoc paired Student’s t tests, there was a reduced startle
on day five for both WT (t21 = 3.559, p = 0.002) and CreChAT (t21 = 2.635, p =
0.015).
Further quantification with a long-term habituation (LTH) score (i.e., average
startle amplitude on the last day of testing divided by the initial baseline startle)
revealed there was no difference between genotypes (F(1,40) = 0.214, p = 0.646;
Fig. 4B) with reduced responses of 0.83 (±0.05) for WT and 0.87 (±0.06) for
CreChAT. There was no effect of sex (F(1,40) = 0.557, p = 0.460; Fig. 4B) or
interaction between genotype and sex (F(1,40) = 2.032, p = 0.162; Fig. 4B).
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Figure 5. CreChAT rats displayed normal long-term habituation of the ASR
(A) WT (n = 22; 11F,11M) and CreChAT (n = 22; 11F,11M) rats had decreased
average startle amplitudes across the five days of testing (F(3.876, 155.055) = 7.052,
p < 0.001). Startle amplitude was calculated by taking the average of all trials per
day for each animal. There was no difference between genotypes (F(1,40) = 0.453,
p = 0.505). (B) There was no difference in LTH score between genotypes (F(1,40)
= 0.214, p = 0.646). LTH score was calculated by dividing the average startle
amplitude on day 5 by 1. Error bars indicate SEM. Asterisks indicated statistically
significant differences, p < 0.05.
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3.1.2

Open Field Behaviour Results

3.1.2.1 General Locomotion and Anxiety-like Behaviour
Similar to startle testing, WT and CreChAT rats were tested for five consecutive
days in an open field to evaluate habituation of exploratory behaviour.
Additionally, CreChAT and WT were compared for general locomotor activity and
anxiety-like behaviour. Total distance travelled on the first day was measured to
ensure WT and CreChAT did not differ in general locomotion. There was no
difference between WT and CreChAT in total distance travelled (F(1,27) = 0.001, p
= 0.980; Fig. 5A) as assessed by a two-way ANOVA (genotype x sex). There
was an effect of sex (F(1,27) = 5.289, p = 0.029; Fig. 5B) that affected both
genotypes (F(1,27) = 0.047, p = 0.829; Fig. 5B) reflecting the higher levels of
locomotion in females relative to males. To assess anxiety-like behaviour, the
percent time spent in the centre was compared between WT and CreChAT.
There was no difference between WT and CreChAT (F(1,27) = 0.929, p = 0.344;
Fig. 5C), no effect of sex (F(1,27) = 0.012, p = 0.915), and no interaction between
these factors (F(1,27) = 3.648, p = 0.073).
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Figure 6. CreChAT rats displayed normal locomotion and anxiety-like
behaviour
(A) There were no differences between WT (n = 16; 8F,8M) and CreChAT (n =
15; 9F,6M) rats in total distance travelled on the initial day of testing (F(1,27) =
0.001, p = 0.980). The test session consisted of 20 minutes in an open field. (B)
There was an effect of sex on total distance travelled (F(1,27) = 5.289, p = 0.029)
that was observed in both genotypes (F(1,27) = 0.047, p = 0.829). (C) There was
no difference in anxiety-like behaviour between WT and CreChAT as assessed
by percent time spent in the centre of the open field boxes (F(1,27) = 0.929, p =
0.344). Error bars indicate SEM. Asterisks indicated statistically significant
differences, p < 0.05.
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3.1.2.2 Short-term Habituation
Distance travelled within the open field test session was compared to assess
short-term habituation of exploratory behaviour. The 20-minute session was
divided into five-minute blocks of time and compared using a three-way RMANOVA (genotype x sex x block). There was no difference between WT and
CreChAT rats in short-term habituation (F(1, 27) = 0.001, p = 0.980; Fig. 6A) with
both exhibiting decreased activity across time (F(3, 81) = 224.848, p < 0.001; Fig.
6A). There was no interaction between block, genotype, and sex (F(3, 81) = 1.547,
p = 0.209) indicating both genotypes had a similar rate of habituation. There was
an effect of sex (F(1, 27) = 5.289, p = 0.029; Fig. 6B) that affected both genotypes
(F(1, 27) = 0.047, p = 0.829).
A STH score was calculated comparing the total distance travelled in the last
block of testing relative to the first. This STH score was compared using a twoway ANOVA (genotype x sex) to assess potential differences between
genotypes. There was no effect of genotype (F(1, 27) = 1.444, p = 0.240; Fig. 6C)
with reduced activity of 0.31 (±0.04) for WT and 0.25 (±0.04) for CreChAT.
Moreover, there was no effect of sex (F(1,27) = 3.902, p = 0.059) indicating the sex
effect present when comparing distance across the test session (Fig. 6A,B)
reflects the generally higher activity in females relative to males rather than a
difference in the rate of habituation. There was no interaction between sex and
genotype (F(1,27) = 3.043, p = 0.092).
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Figure 7. CreChAT rats displayed normal short-term habituation of
exploratory behaviour
(A) WT (n = 16; 8F,8M) and CreChAT (n = 15; 9F,6M) rats showed a decrease in
locomotion within a single test session (F(3,
difference between genotypes (F(1,

27)

81)

= 224.848, p < 0.001) with no

= 0.001, p = 0.980). The 20 minute test

session was divided into five-minute blocks to assess short-term habituation. (B)
There was an effect of sex (F(1,
genotypes (F(1,

27)

27)

= 5.289, p = 0.029) that affected both

= 0.047, p = 0.829). (C) There was no difference between

genotypes in STH score (F(1, 27) = 1.444, p = 0.240). STH score was calculated by
dividing the total distance travelled in the final block of testing by the first. Error
bars indicate SEM. Asterisks indicated statistically significant differences, p <
0.05.
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3.1.2.3 Long-term Habituation
The distance travelled in the initial five minutes of the test session was compared
across days to evaluate long-term habituation. One WT male and one CreChAT
female were identified as outliers (total distance travelled +/- 3 SD) and excluded
from analysis. There was no difference between genotypes (F(1,
0.403; Fig. 7A) with a main effect of day (F(4,

88)

22)

0.727, p =

= 16.734, p < 0.001; Fig. 7A)

reflecting the decrease in distance travelled across test days. Both genotypes
displayed a similar rate of habituation as there was no interaction between test
day, sex, and genotype (F(4,

88)

= 1.807, p = 0.135). A comparison of distance

travelled on the initial versus last day of testing with paired Student’s t tests with
Bonferroni corrections revealed a significant decrease in activity for both WT (t12
= 4.666, p = 0.001) and CreChAT (t12 = 3.240, p = 0.007) rats. There was an
effect of sex (F(1, 22) = 18.180, p < 0.001; Fig. 7B) that affected both genotypes
(F(1, 22)= 0.155, p = 0.698).
A LTH score was calculated comparing the distance travelled in the first five
minutes on day 5 to day 1 and compared with a two-way ANOVA (genotype x
sex). This reflects the reduced distance traveled on the last day of testing relative
to the first. There was no difference between genotypes (F(1,22) = 0.138, p =
0.714; Fig. 7C) with a LTH score of 0.83 (±0.04) for WT and 0.84 (±0.04) for
CreChAT. There was no effect of sex (F(1,22) = 1.946, p = 0.177) or interaction
between sex and genotype (F(1,22) = 3.180, p = 0.088). Again, this indicates that
the sex effect detected in LTH (Fig. 7A,B) reflects the generally higher locomotive
activity in females rather than a difference in habituation rate.
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Figure 8. CreChAT rats displayed normal long-term habituation of
exploratory behaviour
(A) There was no difference between WT (n = 13; 6F,7M) and CreChAT (n = 13;
7F,6M) in long-term habituation (F(1,

0.727, p = 0.403). Both showed a

22)

decrease in locomotion across days (F(4,

88)

= 16.734, p < 0.001). Long-term

habituation was assessed using the first five minutes of locomotor activity per
day. (B) There was an effect of sex (F(1,

22)

= 18.180, p < 0.001) that affected

both genotypes (F(1, 22)= 0.155, p = 0.698). (C) There was no difference in LTH
score between genotypes (F(1,22) = 0.138, p = 0.714). LTH score was calculated
by dividing distance travelled in the first five minutes on day 5 by 1. Error bars
indicate SEM. Asterisks indicated statistically significant differences, p < 0.05.
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3.2

Chemogenetic Inhibition of Cholinergic PPT Neurons

3.2.1

mCherry Expression in Cholinergic PPT Neurons

Cholinergic PPT neurons were targeted with a bilateral microinjection of Credependent rAAV encoding either the hM4Di tagged with the fluorescent protein
mCherry (rAAV8-hSyn-DIO-hM4Di-mCherry; hM4Di) or a control construct
encoding mCherry alone (rAAV8-hSyn-DIO-mCherry; mCherry) into the PPT of
CreChAT

animals.

Previous

studies

in

our

laboratory

performed

electrophysiological and behavioural controls of the DREADD technique (see
Appendix for more information). The efficacy and selectivity of the control and
hM4Di virus was evaluated in a subset of rats (hM4Di, n = 7; mCherry, n = 6) that
were sacrificed at a given time point that reflects viral expression during testing.
A prior investigation had established this timeline resulted in a high expression of
viral proteins without any major accumulation of potentially toxic fluorescent
protein (Azzopardi et al., unpublished data).
Mesopontine tegmental neurons were labelled using a nitroblue tetrazolium
assay in combination with mCherry viral tag labelling (Fig. 8A,B). This assay
selectively labels the mesopontine tegmental neurons because they express
NADPH-d (Hope et al., 1991; Vincent et al., 1983, 1986). The efficacy of the viral
expression was determined to be 78% (±3) and 77% (±2) of cholinergic PPT
neurons expressing mCherry in control and hM4Di-expressing rats, respectively.
Staining of mCherry was observed throughout the cell body and axons. Targeting
the cholinergic PPT neurons was selective as 71% (±2) and 69% (±2) of neurons
expressing the mCherry viral tag were NADPH-d-positive in control and hM4Diexpressing animals, respectively (Fig. 8C).
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Figure 9. Co-labelling of cholinergic PPT neurons and mCherry viral
fluorescent tag
A nitroblue tetrazolium assay was used to label the NADPH-d-positive cholinergic
PPT neurons (blue) in combination with the mCherry-tag labelled with DAB
(brown) (A) Representative image of mCherry expression and cholinergic
mesopontine neuronal labelling. Image was taken at 2x magnification. Scale bar
represents 500 µm. (B) Representative image of the appearance of cholinergic
PPT neurons stained with co-labelling of the mCherry-tag. White arrows indicate
co-expression. Image was taken at 40x magnification. Scale bar represents 25
µm. (C) The percentage of cholinergic PPT neurons expressing the mCherry-tag
was calculated to be 78% in control animals (n = 7) and 77% in hM4Diexpressing animals (n = 6). The selectivity was demonstrated with 71% and 69%
of mCherry-positive neurons being cholinergic PPT neurons in controls and
hM4Di animals, respectively. Error bars indicate SEM.
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Bilateral expression of mCherry was confirmed in all rats used for behavioural
testing (n = 17 for mCherry, n = 21 for hM4Di). Microinjection sites were in the
caudal portion of the PPT ranging from -8.16 to -7.68 relative to bregma (Fig. 9).
Uni- or bilateral expression of mCherry was observed in the LDT (n = 5 for
Cherry, n = 6 for hM4Di) and PBG (n = 16 for mCherry, n = 18 for hM4Di).
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-8.16

-8.04

-7.92

-7.80

-7.68
Figure 10. Schematic representation of viral microinfusion sites
Bilateral microinfusion sites ranged in the caudal to mid-PPT for both control (n =
17) and hM4Di-expressing (n = 21) animals. Number in the lower right corner
represents the anterior-posterior coordinate relative to bregma. Images were
adapted from Paxinos and Watson (2005).
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3.2.2

Startle Response Results

Control (mCherry) and hM4Di-expressing (hM4Di) rats were randomly assigned
either vehicle or CNO injections following an expression period of three weeks to
generate four separate groups: mCherry+VEH, mCherry+CNO, hM4Di+VEH, and
hM4Di+CNO. Separate groups were required for vehicle and CNO injections
because of the long-lasting effects of habituation. Intraperitoneal injections of 10
mg/kg dose of CNO (20% DMSO) or vehicle (20% DMSO in saline) were given
20 minutes prior to testing the startle response.
3.2.2.1 Startle reactivity
An IO function was run without CNO administration to verify hM4Di-mCherry
expression did not affect startle reactivity. The startle response of control and
hM4Di-expressing rats was monitored following incremental increases in the
intensity of the acoustic stimulus (Fig. 10A). When comparing the startle
amplitude across decibel levels with a three-way RM ANOVA (virus x sex x
sound level), there was a main effect of sound level that reflects the increased
startle amplitude as the sound intensity is increased (Greenhouse-Geisser
correction applied: F(4.770,

152.629)

= 45.955, p < 0.001; Fig. 10A). There was no

difference between control and hM4Di-expressing rats (F(1,32) = 0.316, p = 0.578;
Fig. 10A) and no interaction between sound level, virus, and sex (F(4.770, 152.629) =
0.666, p = 0.771; Fig. 10A) indicating a similar rate in control and hM4Diexpressing rats. There was no effect of sex (F(1,32) = 0.237, p = 0.630; Fig. 10A)
or interaction between virus and sex (F(1,32) = 0.447, p = 0.509; Fig. 10A).
Startle testing began two days following the IO function so rats were not exposed
to the auditory stimulus immediately before testing long-term habituation. An
alternative startle protocol to the validation component of the study was used to
assess the role of cholinergic PPT neurons in long-term habituation. This
protocol had a longer interval between stimuli presentations (i.e., 60 seconds
instead of 30 seconds) as previous studies investigating long-term habituation
have used this inter-trial interval to minimize short-term habituation (Borszcz et
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al., 1989; Jordan, 1989; Leaton and Supple, 1991). The validation component of
the study used the shorter inter-trial interval to allow for better short-term
habituation in addition to long-term habituation to ensure the transgenic animals
were comparable in both. For a comparison of the role of cholinergic PPT
neurons in short-term habituation a within subject comparison in which the same
animals received both vehicle and CNO prior to testing short-term habituation
would be more applicable than the between subject comparison required in the
present study. Thus, a protocol was chosen to focus primarily on long-term
habituation for the purpose of addressing the main hypothesis.
Baseline startle—average of the first three-startle responses—was measured on
the initial day of testing with a three-way ANOVA (virus x drug x sex). One male
from the mCherry and vehicle group was identified as an outlier (baseline startle
amplitude +/-3 SD) and excluded from analysis. CNO administration did not
affect baseline startle as there was no effect of drug (F(1,27) = 2.538, p = 0.123;
Fig. 10B); however, there was a trend towards amplitude reduction in rats that
received CNO. Silencing cholinergic PPT neurons did not alter baseline startle as
there was no interaction between virus and drug (F(1,27) = 0.156, p = 0.696; Fig.
10B). There was no effect of virus (F(1,27) = 0.090, p = 0.766), sex (F(1,27) =
0.074, p = 0.787) or interaction between virus, drug, and sex (F(1,27) = 0.080, p =
0. 779).
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Figure 11. Startle reactivity of control and hM4Di-expressing rats
(A) Expression of hM4Di did not affect startle reactivity as assessed by an IO
function (F(1,32) = 0.316, p = 0.578). Both control (mCherry, n = 10F,7M) and
hM4Di-expressing (hM4Di, n = 9F,10M) animals had increased startle responses
as sound intensity was increased (F(4.770,

152.629)

= 45.955, p < 0.001). (B)

Inhibiting cholinergic PPT neurons had no effect on baseline startle on the initial
day of testing (F(1,27)

= 0.156, p = 0.696). Baseline was calculated using the

average of the first three startle responses (mCherry+VEH, n = 7F,3M;
mCherry+CNO, n = 7F,3M; hM4Di+VEH, n = 5F,5M; hM4Di+CNO, n = 4F,5M).
Error bars indicate SEM. Asterisks indicated statistically significant differences, p
< 0.05.
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3.2.2.2 Short-term habituation
Short-term habituation was assessed on the first day of testing using a four-way
RM ANOVA (virus x drug x sex x trial). Habituation was quantified by normalizing
each startle trial to the average of the first three trials to reduce variability
between individuals (Fig. 11A). Interestingly, the inter-trial interval of 60 seconds
resulted in a facilitation of the startle response prior to habituating. Inhibiting
cholinergic PPT neurons had no impact on short-term habituation as there was
no interaction between virus and drug (F(1,28) = 0.037, p = 0.849; Fig. 11A). All
groups displayed short-term habituation as there was a main effect of trial
(Greenhouse-Geisser correction applied: F(9.899,277.185) = 2.618, p = 0.005; Fig.
11A) and no interaction between virus, drug, sex, and trial (F(9.899,277.185) = 0.542,
p = 0.858) indicating a similar rate of habituation between groups. There was no
main effect of virus (F(1,28) = 0.390, p = 0.537), drug (F(1,28) = 0.012, p = 0.913),
sex (F(1,28) = 1.488, p = 0.233), or interaction between these factors (F(1,28) =
0.324, p = 0.574).
Short-term habituation was further quantified to assess the fraction of initial
startle remaining by calculating a STH score (average of the last ten trials divided
by the average of the first three; Fig. 11B). A three-way ANOVA (virus x sex x
drug) was used to compare values. Inhibiting cholinergic PPT neurons had no
effect on the STH score as there was no interaction between virus and drug
(F(1,28) = 0.027, p = 0.872; Fig. 11B). The reduction was 0.81 (±0.12) for vehicle
and 0.89 (±0.12) for CNO in rats expressing mCherry-alone and 0.77 (±0.10) for
vehicle and 0.75 (±0.09) for CNO in rats expressing hM4Di-mCherry. The STH
score was not affected by virus type (F(1,28) = 0.193, p = 0.664), drug (F(1,28) =
0.009, p = 0.926), or sex (F(1,28) = 2.672, p = 0.113) and there was no interaction
between these factors (F(1,28) = 0.172, p = 0.681).
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Figure 12. Inhibition of cholinergic PPT neurons had no effect on shortterm habituation of the ASR
(A) Silencing cholinergic PPT neurons had no effect on short-term habituation
(F(1,28) = 0.037, p = 0.849). All groups displayed a change in startle amplitude
within the test session (F(9.899,277.185) = 2.618, p = 0.005). Responses were
normalized to the average of the first three trials for each rat. (B) STH score was
not affected by cholinergic PPT inhibition (F(1,28) = 0.027, p = 0.872). STH score
was calculated by dividing the average of the last ten trials by the average of the
first three (mCherry+VEH, n = 7F,3M; mCherry+CNO, n = 7F,3M; hM4Di+VEH, n
= 5F,5M; hM4Di+CNO, n = 4F,5M). Error bars indicate SEM. Asterisks indicated
statistically significant differences, p < 0.05.
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3.2.2.3 Long-term habituation
To assess long-term habituation of the ASR, the change in average startle
amplitude was compared across the five consecutive days of testing (Fig. 12A).
The average startle amplitude for each day was calculated using all thirty trials
and compared using a four-way RM-ANOVA (virus x drug x sex x day). Contrary
to our hypothesis, inhibiting the cholinergic PPT neurons did not impair long-term
habituation as there was no interaction between virus and drug (F(1,28) = 0.074, p
= 0.788; Fig. 12A). All rats displayed long-term habituation as there was a main
effect of day (F(4,112) = 14.830, p < 0.001; Fig. 12A) with all groups undergoing a
similar rate of habituation as there was no interaction between day, virus, drug,
and sex (F(4,112) = 0.193, p = 0.941). This decrease in startle amplitude across
days was not affected by virus type (F(1,28) = 2.841, p = 0.103), drug (F(1,28) =
1.074, p = 0.309), or sex (F(1,28) = 0.025, p = 0.876), and there was no interaction
between these factors (F(1,28) = 0.386, p = 0.539).
A LTH score was generated to assess the fraction of initial startle remaining on
the last day of testing (Fig. 11B). The score was calculated by dividing the
average startle amplitude on day 5 by 1 and compared using a three-way
ANOVA (virus x sex x drug). Inhibiting cholinergic neurons had no impact (F(1,28)
= 0.362, p = 0.552; Fig. 12B) and the reduction was 0.75 (±0.13), 0.66 (±0.06),
0.76 (±0.06), and 0.73 (±0.08) for mCherry+VEH, mCherry-+CNO, hM4Di-VEH,
and hM4Di-CNO, respectively. The score was not affected by virus (F(1,28) =
0.170, p = 0.684), drug (F(1,28) = 0.956 , p = 0.336), or sex (F(1,28) = 2.116, p =
0.157). There was no interaction between virus, drug, and sex (F(1,28) = 0.083, p =
0.776).
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Figure 13. Inhibition of cholinergic PPT neurons had no effect on long-term
habituation of the ASR
(A) All groups displayed long-term habituation (F(4,112) = 14.830, p < 0.001) with
no effect of inhibiting cholinergic PPT neurons (F(1,28) = 0.074, p = 0.788). Startle
amplitude for each day was calculated using all thirty trials for each animal. (B)
LTH score was not affected by cholinergic PPT inhibition (F(1,28) = 0.362, p =
0.552). LTH score was calculated by dividing the startle amplitude on the last day
by the first (mCherry+VEH, n = 7F,3M; mCherry+CNO, n = 7F,3M; hM4Di+VEH,
n = 5F,5M; hM4Di+CNO, n = 4F,5M). Error bars indicate SEM. Asterisks
indicated statistically significant differences, p < 0.05
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3.2.3

Open Field Behaviour Results

3.2.3.1 General Locomotion and Anxiety-like Behaviour
Rats were tested for 20 minutes in open field behaviour following startle testing to
investigate the potential for cholinergic PPT neurons modulating exploratory
behaviour. Total distance travelled was compared using a three-way ANOVA
(virus x drug x sex) to evaluate if inhibition of cholinergic PPT neurons affects
general locomotion. Inhibiting cholinergic PPT neurons did not impact general
locomotion (F(1,29) = 0.015, p = 0.902). Locomotion was not impacted by the virus
(F(1,29) = 0.496, p = 0.487) or CNO administration (F(1,29) = 0.072, p = 0.791).
There was an effect of sex (F(1,29) = 7.706, p = 0.010; Fig. 13B) with females
showing increased locomotion; however, this was present in all groups because
there was no interaction between virus, drug, and sex (F(1,29) = 0.584, p = 0.451).
Anxiety-like behaviour, compared between groups on the first day of testing, was
assessed by comparing percent time spent in the centre of the open field box
(Fig. 13C). One male from the mCherry-vehicle group was identified as an outlier
(%Time in centre ±3 SD) and excluded from analysis. Silencing the neurons did
not affect percent time in the centre (F(1,29) = 0.282, p = 0.600); however, there
was a trend that CNO administration decreased the percent time spent in the
centre of the open field (F(1,28) = 3.932, p = 0.057). There was no effect of virus
(F(1,28) = 2.378, p = 0.134), sex (F(1,28) = 0.054, p = 0.817), or interaction between
virus, drug, and sex (F(1,28) = 0.170, p = 0.684).
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Figure 14. Inhibition of cholinergic neurons had no effect on locomotion or
anxiety-like behaviour.
(A) There was no effect of inhibition on total distance travelled on the initial day of
testing (F(1,29) = 0.015, p = 0.902). (B) There was an effect of sex (F(1,29) = 7.706,
p = 0.010) that affected all groups (F(1,29) = 0.584, p = 0.451). (C) Inhibiting
cholinergic PPT neurons had no effect on anxiety-like behaviour (F(1,29) = 0.282,
p = 0.600). There was no effect of CNO administration (F(1,29) = 3.932, p = 0.057;
mCherry+VEH, n = 3F,4M; mCherry+CNO, n = 7F,3M; hM4Di+VEH, n = 6F,5M;
hM4Di+CNO, n = 4F,5M). Error bars indicate SEM. Asterisks indicated
statistically significant differences, p < 0.05.
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3.2.3.2 Short-term Habituation
The change in locomotion was used to evaluate short-term habituation of
exploratory behaviour (Fig. 14A). Distance travelled in five-minute blocks was
compared using a four-way RM ANOVA (virus x drug x sex x block) on the initial
day of testing. One female from the DREADD-vehicle group was identified as an
outlier (STH score ±3 SD) and excluded from analysis. There was no effect of
silencing cholinergic PPT neurons on short-term habituation as there was no
interaction between virus and drug (F(1,29) = 0.379, p = 0.543; Fig. 14A). All
groups had decreased activity across time as there was a main effect of block
(F(3,87) = 345.630, p < 0.001; Fig. 14A). This rate of habituation was similar in all
groups because there was no interaction between block, virus, drug, and sex
(F(3,87) = 1.905, p = 0.135). Short-term habituation was not affected by virus type
(F(1,29) = 2.317, p = 0.139) or drug (F(1,29) = 0.210, p = 0.650). There was an effect
of sex (F(1,29) = 8.452, p = 0.007; Fig. 14B,C) that affected all groups as there was
no interaction between virus, drug, and sex (F(1,29) = 0.496, p = 0.487).
This habituation was further quantified by calculating a STH score comparing
activity in the last block to the first (Fig. 14D). STH was compared using a threeway ANOVA (virus x drug x sex). While it appeared that silencing cholinergic
PPT neurons impacted the STH score, the trend failed to reach significance
(F(1,29) = 0.055, p = 0.817; Fig. 14D). The scores were 0.24 (±0.07), 0.21 (±0.05),
0.24 (±0.04), and 0.12 (±0.02) for mCherry+VEH, mCherry+CNO, hM4Di+VEH,
and hM4Di+CNO, respectively. There was no effect of virus (F(1,29) = 0.051, p =
0.824), drug (F(1,29) = 0.063, p = 0.803), sex (F(1,29) = 0.652, p = 0.426), and no
interaction between these factors (F(1,26) = 0.049, p = 0.826).
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Figure 15. Inhibition of cholinergic PPT neurons had no effect on shortterm habituation of exploratory behaviour
(A) There was no effect of inhibition on the change in distance travelled across a
single test session (F(1,29) = 0.379, p = 0.543). All groups displayed short-term
habituation (F(3,87) = 345.630, p < 0.001). The 20-minute test session was divided
into five-minute blocks. (B,C) There was an effect of sex (F(1,29)

=

8.452, p =

0.007) that affected all groups (F(1,29) = 0.496, p = 0.487). (C) STH score was not
affected by cholinergic inhibition (F(1,29) = 0.055, p = 0.817). STH score was
calculated by dividing the distance travelled in the last block by distance travelled
in the first (mCherry+VEH, n = 3F,4M; mCherry+CNO, n = 7F,3M; hM4Di+VEH, n
= 6F,5M; hM4Di+CNO, n = 4F,5M). Error bars indicate SEM. Asterisks indicated
statistically significant differences, p < 0.05.
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3.2.3.3 Long-term habituation
To investigate the role in long-term habituation, distance travelled in the first five
minutes of testing was compared across days (Fig. 14A). Three females that
received vehicle treatment did not complete all five days of testing (2 hM4Di, 1
mCherry) and were excluded from analysis. Three female rats (1 mCherry+CNO,
2 hM4Di+VEH) were identified as outliers (LTH score ±3 SD) and excluded from
analysis. Distance travelled across days was compared using a four-way RMANOVA (virus x drug x sex x day). In agreement with our hypothesis, inhibiting
cholinergic PPT neurons had no effect on long-term habituation as there was no
drug and virus interaction (F(1,28) = 0.006, p = 0.937; Fig. 15A). All groups
displayed long-term habituation as there was a main effect of day (F(4,96) = 9.544,
p < 0.001; Fig. 15A) reflecting the decrease in activity as rats explored less
across days. The rate of habituation was similar across all groups as there was
no interaction between virus, drug, sex, and day (F(4,96) = 2.351, p = 0.060). Both
virus (F(1,24) = 0.844, p = 0.356) and drug (F(1,24) = 0.105, p = 0.749) did not
impact long-term habituation. There was an effect of sex (F(1,24) = 4.812, p =
0.038; Fig. 15B,C) that affected all groups (F(1,24) = 2.183, p = 0.153).
A LTH score was calculated comparing distance travelled on the final day of
testing to the first (Fig. 15D). A three-way RM-ANOVA (virus x drug x sex) was
used to compare scores. Again, there was no interaction between virus and drug
(F(1,24) = 1.572, p = 0.222; Fig. 15D) indicating silencing cholinergic PPT neurons
did not have an effect on long-term habituation. There was no effect of virus
(F(1,24) = 1.425, p = 0.244), drug (F(1,24) = 0.878, p = 0.358), sex (F(1,24) = 0.203, p
= 0.657), or interaction between these factors (F(1,24) = 0.231, p = 0.635),
indicating that the effect of sex observed in absolute values (Fig. 14B) is likely
reflecting the generally higher activity of females relative to males across all
days.
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Figure 16. Inhibition of cholinergic PPT neurons had no effect on long-term
habituation of exploratory behaviour
(A) There was no effect of inhibition on the change in distance travelled in the
first five minutes per test session across days (F(1,28) = 0.006, p = 0.937). All
groups displayed long-term habituation (F(4,96) = 9.544, p < 0.001). (B,C) There
was an effect of sex (F(1,24) = 4.812, p = 0.038) that affected all groups (F(1,24) =
2.183, p = 0.153). (D) LTH score was not affected by chemogenetic inhibition
(F(1,24) = 1.572, p = 0.222). LTH score was calculated by dividing distance
travelled in the first five minutes on day 5 by day 1 (mCherry+VEH, n = 2F,4M;
mCherry+CNO, n = 6F,3M; hM4Di+VEH, n = 3F,5M; hM4Di+CNO, n = 4F,5M).
Error bars indicate SEM. Asterisks indicated statistically significant differences, p
< 0.05.
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3.3

Summary

A behavioural comparison of CreChAT and WT littermates was performed to
ensure expression of Cre recombinase under the control of the ChAT promoter
did not alter behaviour. There were no differences between genotypes in startle
reactivity, habituation of the ASR, general locomotor activity, anxiety-like
behaviour, and habituation of exploratory behaviour in an open field. There were
sex effects that affected both genotypes in general locomotor activity and
habituation of exploratory behaviour in an open field. These results indicate that
the CreChAT model was appropriate to study the role of cholinergic PPT neurons
in long-term habituation of ASR and exploratory behaviour in an open-field.
Cholinergic PPT neurons were selectively silenced using the inhibitory hM4Di
DREADD and the transgenic model we validated. The infectivity and selectivity
was 77% and 69% for hM4Di-expressing rats (78% and 71% for control),
respectively. Bilateral expression of the mCherry viral-tag was confirmed in all
animals used for behavioural testing with microinjection sites ranging from -8.16
to -7.68 relative to bregma. Expression of hM4Di had no effect on startle
reactivity. Silencing cholinergic PPT neurons had no effect on short- and longterm habituation in either paradigm or general locomotion. Interestingly, there
was a trend that CNO administration reduced the percent time spent in the centre
independent of hM4Di expression.
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4

Discussion

The cholinergic system has long been implicated in habituation and deficits in
long-term habituation are observed following cholinergic manipulation (Platel and
Porsolt, 1982; Schmid et al., 2011; Warburton and Groves, 1969). A potential
mechanism for long-term habituation of the ASR is the release of acetylcholine
onto the startle pathway or within the long-term habituation circuitry (Jordan,
1989; Schmid et al., 2011). The PPT lies within the MRF and is interconnected to
components of the startle and long-term habituation pathways (Bosch and
Schmid, 2008; Koch et al., 1993; Semba and Fibiger, 1992; Semba et al., 1990).
While acetylcholine is involved in long-term habituation of exploratory behaviour
(Platel and Porsolt, 1982; Schildein et al., 2000, 2002), it is likely from another
cholinergic region as cholinergic-specific PPT lesions did not affect long-term
habituation (MacLaren et al., 2016a). In the present study, the role of cholinergic
PPT neurons in habituation of both exploratory behaviour and the ASR was
investigated using an inhibitory DREADD-induced chemogenetic approach in
combination with a transgenic CreChAT rat model. A behavioural validation of
the CreChAT transgenic model was first performed comparing CreChAT rats to
their WT littermates (Fig. 1–7). There were no differences between genotypes in
habituation of the ASR and exploratory behaviour. The second aim of the study
involved silencing cholinergic PPT neurons prior to habituation of the ASR and
exploratory behaviour (Fig. 8–14). There was no effect of inhibition of cholinergic
PPT neurons on habituation in either paradigm, but there was a trend that CNO
administration

induced

anxiogenic

behaviour

independent

from

hM4Di

expression.

4.1

Validation of CreChAT Transgenic Model

Genetic manipulations to produce transgenic lines can result in off-target effects
that do not represent normal physiological function (e.g., Kolisnyk et al., 2013). It
was important to verify normal habituation in the CreChAT transgenic model
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because the ChAT promoter also encodes the gene for VAChT (Cervini et al.,
1995), which is the rate-limiting factor for cholinergic neurotransmission.
Increased VAChT expression has resulted in behavioural changes in a previous
transgenic mouse model using the ChAT promotor for cholinergic specificity
(Kolisnyk et al., 2013). The behavioural validation of the transgenic CreChAT
ratline revealed no differences in habituation of ASR and exploratory behaviour.
The previous transgenic mouse model demonstrated over 50 transgene
incorporations resulting in increased acetylcholine neurotransmission (Kolisnyk et
al., 2013) whereas the CreChAT ratline has only an estimated six (Witten et al.,
2011). Furthermore, other studies that used the CreChAT ratline did not report
any adverse behavioural changes (Pienaar et al., 2015; Witten et al., 2011; Xiao
et al., 2016). Based on these previous findings and our results, we concluded the
CreChAT ratline was a valid model to use for testing our hypothesis.

4.2

Chemogenetic Inhibition of Cholinergic PPT Neurons

4.2.1 Efficacy of the Experimental System
There was no behavioural effect observed following inhibition of cholinergic PPT
neurons using a DREADD-based chemogenetic approach. A dysfunctional
experimental system where the DREADD does not effectively silence the
cholinergic neurons could be responsible. However, electrophysiological
recordings and behavioural controls have been conducted in our lab using the
same methods described in this study (Azzopardi et al., 2016 unpublished). In
vitro patch clamp recordings of control and hM4Di-expressing neurons in the
PPT were performed to assess the efficacy of chemogenetic inhibition. The firing
frequency of hM4Di-expressing neurons was strongly reduced in the presence of
CNO and the reduction was absent in brain slices obtained from rats injected
with the control virus. Moreover, in vivo electrophysiological PPT recordings
confirmed the hM4Di-induced inhibition of neural activity at a population level.
Systemic delivery of 10 mg/kg CNO reduced the spontaneous firing rate, but not
auditory responsiveness in hM4Di-expressing rats. Again, this effect was absent
in rats that did not express the hM4Di DREADD. These electrophysiological
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studies demonstrated the impact of hM4Di-induced inhibition on a cellular and
population level; however, an additional positive behavioural control showed
chemogenetic-induced alterations in behaviour. Morphine-induced CPP was
disrupted by administration of CNO prior to each conditioning session in hM4Diexpressing rats, but not rats injected with the control virus. This is in agreement
with a previous study that induced CPP using optogenetic stimulation of
cholinergic PPT neurons (Xiao et al., 2016). Moreover, hM4Di-expression levels
in these control experiments were comparable to expression levels in the present
study (see discussion below for details). Overall, this suggests the experimental
system was functioning and not responsible for the negative results.
4.2.2 Viral Expression and co-Labelling of Cholinergic PPT Neurons
The infectivity of the DREADD (hM4Di-mCherry) and control (mCherry) viruses
was verified by co-labelling the viral fluorescent tag with the mesopontine
cholinergic neuron marker NADPH-d. The mCherry tag was expressed
throughout the neuron and infectivity was relatively high as 79% of cholinergic
PPT neurons expressed hM4Di-mCherry (mCherry control = 78%). In the
previous study where electrophysiological and behavioural controls were
conducted, it was determined that 89% of cholinergic PPT neurons expressed
hM4Di-mCherry (mCherry control = 87%; Azzopardi et al., unpublished data). A
lower mCherry-antibody concentration was used in the present study (1:50K
versus 1:25K), which might have influenced the difference observed in infectivity.
Moreover, another study using an activating DREADD in the same CreChAT
transgenic model demonstrated approximately 70% of neurons expressed
mCherry in cholinergic neurons and still showed a behavioural effect (Pienaar et
al., 2015). Therefore, low viral infectivity of cholinergic PPT neurons is unlikely to
explain the negative results.
The selectively of the virus was relatively high with 69% of hM4Di-expressing
neurons co-labelling with NADPH-d histochemistry (mCherry control = 71%). This
method selectively labels cholinergic mesopontine neurons because they
express NADPH-d (Hope et al., 1991; Vincent et al., 1983, 1986). The neurons
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that stained for mCherry, but were not NADPH-d-positive can represent other
cholinergic neurons within the midbrain that do not express NADPH-d. For
example, the parabigeminal nucleus (PGB) is classified as cholinergic group 8
(Ch8; Mufson et al., 1986) and over 80% of animals in the present study
demonstrated expression of viral tag in the PBG. Other nuclei with cholinergic
positive immunohistochemistry are the cuneiform nucleus and lateral lemniscus
(Hoover and Jacobowitz, 1979; Mufson et al., 1986), which are in close proximity
to the PPT. There are no reports that neurons in these areas express NADPH-d
and it was not observed in the current study. Therefore, the approximately 30%
of mCherry-positive neurons that did not co-label with NADPH-d most likely do
not represent non-specific infectivity of non-cholinergic neurons, but instead are
cholinergic neurons that do not express NADPH-d.
Azzopardi et al., (unpublished) observed a higher proportion of mCherryexpressing neurons co-labelling with NADPH-d histochemistry (mCherry control
=

90%,

hM4Di-mCherry

=

88%).

Differences

could

represent

the

immunohistochemical approach employed in the present study in which the
entire PPT per brain slice was used for cell counting. By using the entire PPT
other cell populations that were at the boundaries of the PPT were included if
they expressed mCherry and these populations might not have expressed
NADPH-d. In the previous study, only one 20X magnification site was used for
each brain slice so it is less likely that cell populations in the periphery of the PPT
were sampled (Azzopardi et al., unpublished). Therefore, differences could
represent a larger sample size used for cell counting and inclusion of different
cell populations instead of differences in infectivity.
4.2.3 Startle Response Testing
4.2.3.1

Startle Reactivity

Silencing cholinergic PPT neurons did not impact the baseline startle response.
Cholinergic-specific PPT lesions Dtx-UII induced a dramatic reduction in the
startle response (MacLaren et al., 2014b). However, animals showed a normal
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startle response to the first startle stimulus, which then rapidly decreased and
could only be increased with long inter-trial intervals (>150 s). In contrast to the
current study, cholinergic PPT neuron depletion using Dtx-UII is a chronic
manipulation involving complete destruction of cholinergic PPT neurons instead
of temporary inhibition. It is possible that the chronic depletion of cholinergic PPT
neurons induced compensatory changes in other neuron types and neuronal
structures generating an imbalance that led to the observed decrease in startle
reactivity in the previous study (MacLaren et al., 2014b).
There was a trend towards reduced baseline startle following CNO administration
in both control and hM4Di-expressing rats. A previous study investigating the
effect of CNO in male WT Long Evans rats found that 1 mg/kg CNO reduced the
startle response at 110 and 120 dB, but there was a trend of reduced startle
amplitude at 100 dB (MacLaren et al., 2016b). This is similar to the reduction in
baseline observed in present study in which a 100 dB startle stimulus was used.
The off-target effects observed might be caused by CNO or the products of its
conversion into clozapine and N-desmethylclozapine that were detected in the
plasma in a previous study (MacLaren et al., 2016b). This is of interest because
CNO has been reported as a biologically inert drug in the absence of DREADD
expression (Armbruster et al., 2007).
4.2.3.2

Short-term Habituation

The inhibition of cholinergic PPT neurons did not affect short-term habituation,
which is in agreement with the hypothesis that the underlying mechanism resides
within the primary startle pathway (Davis et al., 1982; Leaton et al., 1985;
Lingenhöhl and Friauf, 1992; Simons-Weidenmaier et al., 2006; Weber et al.,
2002). An alternative startle protocol with a 60-second inter-trial interval was
used to investigate long-term habituation in the chemogenetic inhibition study
instead of the 30-second inter-trial interval used in the behavioural validation
component. Interestingly, a facilitation of the startle response reflecting
sensitization was observed prior to response habituation. Previous studies that
used a 60-second inter-trial interval reported a lack short-term habituation
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(Borszcz et al., 1989; Jordan, 1989). However, these studies had less than ten
trials, which is consistent with our results that showed sensitization instead of
short-term habituation over the first trials prior to the response gradually
habituating. A startle stimulus induces habituation and activates sensitization
pathways simultaneously (Koch, 1999) and the behavioural result is the
summation of these processes (Groves and Thompson, 1970). Variations in
habituation curves can therefore be observed depending on the balance between
habituation and sensitization (Groves and Thompson, 1970; Rankin et al., 2009).
Our results indicate that silencing cholinergic PPT neurons did not impact shortterm habituation or sensitization of startle.
4.2.3.3

Long-term Habituation

Contrary to the original hypothesis, silencing cholinergic PPT neurons did not
affect long-term habituation of the ASR. Previous studies have shown that
lesions of the MRF disrupt long-term habituation (Jordan, 1989; Jordan and
Leaton, 1982, 1983; Leitner et al., 1981). The PPT lies within the reticular
formation and was damaged during these lesion studies; however, the anterior
PPT would have sustained a higher degree of damage because the majority of
the MRF is located anterior to the PPT (e.g., coordinates relative to bregma for
the lesion studies: -6.3 AP; Jordan, 1989). The posterior PPT was targeted in the
present study because of projections to the PnC and higher proportion of
cholinergic neurons (Bosch and Schmid, 2008; Koch et al., 1993; Semba et al.,
1990; Wang and Morales, 2009). Functional divisions exist between the anterior
and posterior PPT because of neuronal gradients and connectivity differences
(Gut and Winn, 2016). Selective targeting of the anterior PPT might yield different
results; however, some viral expression was observed in anterior portions of the
PPT (data not shown) and cholinergic PPT neurons form local networks within
the PPT (Mena-Segovia et al., 2008) so it is likely cholinergic PPT neurons in
general do not mediate long-term habituation.
Alternatively, other cell types within the PPT could be involved in long-term
habituation. It was proposed that long-term habituation involves a decrease in
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arousal through suppression of the ARAS (Gonzalez-Lima et al., 1989a, 1989b).
The MRF lesions that disrupted long-term habituation could have generated an
imbalance in neuronal types in the PPT or damaged fibres projecting to the PPT.
Non-cholinergic neurons in the PPT act in a tonic, sustained manner following
the cessation of sensory stimulation (Petzold et al., 2015) and might contribute to
long-term habituation through their function in the ARAS. Chemogenetic
activation of glutamatergic neurons induced wakefulness and behavioural
arousal in mice whereas inhibition reduced wakefulness (Kroeger et al., 2017).
Therefore, a decrease in activity of these non-cholinergic PPT neurons might
contribute to decreasing arousal to repetitive startle stimuli during long-term
habituation.
The deficit in long-term habituation observed in mice with decreased cholinergic
tone (Schmid et al., 2011) or following scopolamine treatment (Warburton and
Groves, 1969) could involve cholinergic modulation by another region. The
cochlear nucleus receives cholinergic input from the ventral nucleus of the
trapezoid body (VNTB; Sherriff and Henderson, 1994), which had increased
metabolic activity in long-term habituated animals (Gonzalez-Lima et al., 1989a,
1989b). The VNTB projects to components of the startle pathway including the
cochlear nucleus and PnC (Gómez-Nieto et al., 2008; Schmid and Weber, 2002).
This could represent an alternative site of cholinergic modulation of the startle
pathway.

Conversely,

long-term

habituation

might

involve

release

of

acetylcholine within the long-term habituation pathway at the level of the
cerebellum, which receives cholinergic input (Jaarsma et al., 1997) or another
component that has not been identified.
4.2.4 Exploratory Behaviour in an Open Field
4.2.4.1

General Activity and Anxiety-like Behaviour

Inhibition of cholinergic PPT neurons did not affect spontaneous locomotion as
assessed by total distance travelled within the test session. This is in agreement
with Maclaren et al., (2014a) that showed cholinergic-specific depletion with Dtx-
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UII did not affect spontaneous locomotion and the only deficit observed was
reduced forced acceleration. They concluded that the role of the PPT in
locomotion appears to be restricted to processing fast sensory information to
guide ongoing behaviour instead of being an essential component of the
mesencephalic locomotor region (Gut and Winn, 2016; MacLaren et al., 2014a).
Anxiety-like behaviour was assessed following inhibition of cholinergic PPT
neurons with percent time in centre. This is a measure of anxiety-like behaviour
because the centre is more open and considered more threatening (Treit and
Fundytus, 1988). There was a trend that administration of CNO reduced the
percent time in the centre of the open field suggesting CNO had an anxiogenic
effect. There are no reports of CNO inducing anxiogenic behaviour (Roth, 2016);
however, CNO can be converted into clozapine and N-desmethylclozapine in WT
Long Evans rats (MacLaren et al., 2016b). A previous study found that the
maximum concentration of clozapine was approximately 10% of the level of CNO
at the 30-minute time point (MacLaren et al., 2016b). Because of the high
concentration of CNO used in the present study (i.e., 10 mg/kg) conversion of
CNO could contribute to the anxiogenic behaviour. A previous study reported a
low dose of clozapine (0.2 mg/kg) induced mild anxiogenic behaviour in mice in
the elevated plus-maze test (Manzaneque et al., 2002). However, this mild effect
was inconsistent and did not occur at the other doses used in the study (0.1 and
0.4 mg/kg). Moreover, other studies have demonstrated clozapine induces either
anxiolytic behaviour (Inoue et al., 1996; Moore et al., 1994) or has no effect (Cao
and Rodgers, 1997) in various tests for anxiety-like behaviour. An alternative
explanation is that the increased anxiety-like behaviour following CNO
administration might reflect different anxiety profiles in the groups. Further
investigation of the effect of CNO in other paradigms that test for anxiety-like
behaviour such as the elevated plus-maze should be conducted.
4.2.4.2

Short-term Habituation

Pharmacological studies have shown conflicting results regarding the effect of
anticholinergic treatment on short-term habituation (Green and Summerfield,
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1977; Green et al., 1975; Williams et al., 1974). However, the peripheral effects
of cholinergic drugs can confound interpretation of behavioural studies. Inhibition
of cholinergic PPT neurons did not affect short-term habituation of exploratory
behaviour; however, there was a trend reflected in the STH score where hM4Diexpressing rats that received CNO had increased short-term habituation.
Improvements in short-term habituation might reflect the involvement in
habituation or secondary processes that influence habituation.
The PPT might influence short-term habituation through indirect modulation of
the hippocampus. The hippocampus plays a role in short-term habituation
whether it be learning, novelty detection, fear, or attention (Giovannini et al.,
2001; Thiel et al., 1998). There are no direct connections reported between the
PPT and hippocampus, but the PPT can indirectly influence activity within the
hippocampus through its connections with other brain regions (Kinney et al.,
1998). Moreover, cholinergic PPT neurons might act through modulation of a
network required for habituation of exploratory behaviour. Attention is required
during exploration to explore the environment and detect novelty. Excitotoxic
PPT lesions reduced performance in a simple attention task (Kozak et al., 2005)
and the 5-choice serial reaction time task (5-CSRTT; Inglis et al., 2001).
Cholinergic-specific lesions also impaired performance in the 5-CSRTT, but the
deficits were less severe than with general lesions (Cyr et al., 2015). Moreover,
these studies performed the lesions post-training so the reduced performance
reflects attentional deficits and not an inability to learn the task. While it was not
significant, hM4Di-expressing rats that received CNO reached lower levels of
activity across time, which might reflect decreased attention over the test
session.
4.2.4.3

Long-term Habituation

Silencing cholinergic PPT neurons had no effect on long-term habituation of
exploratory behaviour in an open field. This is consistent with selective depletion
of cholinergic PPT neurons using Dtx-UII not affecting long-term habituation
(MacLaren et al., 2016a). While there is evidence that acetylcholine is involved in
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long-term habituation, it likely involves modulation from other areas such as the
medial septal nucleus to the hippocampus or interneurons within the nucleus
accumbens (Giovannini et al., 2001; Schildein et al., 2000, 2002; Thiel et al.,
1998).

4.3

Study Limitations

There are a number of limitations to be considered when interpreting the results
of the present study. These considerations include using DREADD technology,
expression in other cholinergic neuronal populations, and other methodological
considerations, such as the use of a transgenic rat model and between-subjects
comparison.
The DREADD technique is an innovative approach to manipulate neuronal
activity at high temporal resolution. However, there are caveats associated with
DREADD technology that a recent review addressed (Roth, 2016). Some
potential caveats include basal activity of the DREADD in absence of ligand and
effects caused by non-canonical signalling. In the present study a control group
was included that expressed the DREADD, but received vehicle injections
instead of CNO. Off-target effects were not observed at a behavioural level in our
study. Another potential caveat that affected the present study was the use of
CNO. While CNO is reported as a biologically inert molecule, a recent study
demonstrated a behavioural effect of CNO in WT animals and conversion into
clozapine and N-desmethylclozapine (MacLaren et al., 2016b). Clozapine is an
atypical antipsychotic that binds to many receptors in the brain including
dopaminergic, adrenergic, and muscarinic receptors (Richelson and Souder,
2000; Seeman et al., 1997). Clozapine has different behavioural effects and longterm administration can affect mRNA expression (Huang et al., 2007; MacLaren
et al., 2016b). We included CNO and vehicle injections to rats infected with a
control virus to evaluate any off-target effects. While we did not observe a
significant effect on CNO, there was a trend that it induced anxiety-like
behaviour, which highlights the importance of having the appropriate behavioural
control groups. An important consideration of techniques such as the one
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employed in the present study is that the DREADD protein is trafficked
throughout the entire cell and will be expressed in axons that innervate multiple
areas. When interpreting the results of the present study, the role of cholinergic
PPT neurons in other processes through projections to other components of the
brain must be considered.
Other methodological considerations in the present study include the use of a
transgenic model, limited sample size, and a between subject design. As
previously mentioned, transgenic models do not always represent physiological
function (e.g., Kolisnyk et al., 2013). No differences were observed in parameters
measured in this study; however, this does not rule out that our test might not
have been sensitive enough to detect slight differences or that there are
differences in other parameters. Therefore, other types of behaviours should be
validated when using this experimental approach when testing other neurological
functions. Lack of power might explain the insignificant results regarding the
trends in which CNO administration induced anxiety-like behaviour and reduced
baseline startle. Increasing the sample size of the study might help address the
effect of CNO in these processes. A between subject design was used in this
study because of the long-lasting plasticity of habituation in which the response
might not fully recover for several weeks. In order to ensure testing of all groups
occurred at the same time point with respect to microinfusion of the viral
constructs, each injection group had to be made up of different subjects. This
may have introduced a higher variability into the study and made it more difficult
to interpret results.
Expression of the viral fluorescent tag was noted in other cell populations outside
the PPT. Over 80% of animals showed expression in the PBG. The PBG is
considered a satellite of the superior colliculus and has a role in processing
collicular visual information by transmitting information from the ipsilateral to
contralateral superior colliculus (Mufson et al., 1986). Another nucleus that
expressed the viral fluorescent tag was the cuneiform nucleus. The cuneiform
nucleus is a component of the MRF that was lesioned in long-term habituation of
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the ASR studies (Leitner et al., 1981) and responds to sound (Friauf, 1992). The
cuneiform is located dorsal to the PPT so it is presumably affected in the majority
of studies that targeted the PPT and it is difficult to dissect its role from the one of
the PPT.

4.4

Future Directions

In the present study there was no effect of silencing cholinergic PPT neurons on
long-term habituation of either the ASR or exploratory behaviour in an open field.
To further address the role of cholinergic PPT neurons in long-term habituation a
different temporal manipulation could be used. A chronic CNO delivery method
instead of the acute administration used in the present study could yield different
results. Previous studies have accomplished this by providing CNO in the
drinking water (Urban et al., 2016). To address the role of other cell types within
the PPT in habituation a general DREADD that infects all cell types could be
used (Roth, 2016).
Global knockdown of VAChT produced deficits in long-term habituation of the
ASR (Schmid et al., 2011). To investigate other cholinergic regions experiments
using the cholinergic-specific DREADD approach with microinfusions into other
brain areas or specific knockout models could be used. Potential DREADD
targets for long-term habituation of exploratory could include the nucleus
accumbens or medial septal nucleus. A comparison of conditional deletion of
VAChT or ChAT from various brain regions (e.g., Patel et al., 2012) would also
contribute to finding potential cholinergic targets for long-term habituation of the
ASR.
The PPT appears to have a major role in cognitive processing (Gut and Winn,
2016). Further investigation of the role of cholinergic PPT neurons in a simple
attention task that does not require spatial or response-sequencing requirements
unlike the 5-CSRTT would be beneficial. For example, Kozak and colleagues
(2005) used an attention task that consisted of a simple stimulus and response
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where animals had to respond with a lever press when a dim light stimulus
randomly brightened.
The aforementioned studies will help interpret the results of the present study
and address the need to further investigate the neural mechanisms underlying
long-term habituation. Moreover, they will enhance our understanding of the
various roles of the PPT in cognitive processing and learning.

4.5

Conclusions

The current study provided a validation of a transgenic rat model used currently
in research for chemogenetic and optogenetic manipulations while also providing
insight into the cholinergic modulation of long-term habituation. Our first aim was
to evaluate the CreChAT rat model as a means to study sensory filtering and we
concluded that this model was appropriate to study the underlying mechanisms
of habituation. Using this model, we demonstrated silencing cholinergic PPT
neurons had no effect on short- and long-term habituation of the ASR and
exploratory behaviour in an open field. While cholinergic PPT neurons are
involved in associative learning through updating associations and decisionmaking, they do not mediate non-associative learning such as habituation of ASR
and exploratory behaviour as assessed by our DREADD-based chemogenetic
approach. However, there was a trend that inhibition of cholinergic PPT neurons
increased short-term habituation of exploratory behaviour and further studies will
need to investigate whether they contribute to the underlying mechanism of
habituation or modulate the response through a secondary process such as
attention. In agreement with the concept that cholinergic PPT neurons are not
essential for locomotion, silencing cholinergic neurons did not impact locomotor
activity. Interestingly, we observed a trend that CNO administration induced
anxiety-like behaviour independent of hM4Di expression. Further studies are
required to investigate this effect and evaluate both the validity and efficacy of
the DREADD technology. Future experiments also need to identify the source of
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cholinergic modulation of long-term habituation to contribute to a mechanistic
understanding of long-term habituation as a model for sensory filtering and nonassociative learning. In conclusion, we found that cholinergic modulation of longterm habituation of the ASR and exploratory behaviour does not involve the
cholinergic PPT neurons.
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Appendix
In Vitro Patch Clamp Electrophysiology
In order to determine the efficacy of our DREADD-induced inhibition on a cellular
level, in vitro patch clamp recordings of PPT neurons expressing the viral tag
mCherry were performed in the current clamp mode (mCherry n=2, hM4Di n=4).
In a separate group of animals, 0.3 µl of AAV virus containing mCherry (n=2) or
hM4Di (n=4) were injected bilaterally into PPT of 5 week old transgenic CreChAT rats. Rats were anesthetized with isoflurane 21-26 days after surgery and
their brains were extracted for in vitro patch clamp recordings. Cells were held at
a resting membrane potential of -50 mV by a constant current. Prior to CNO
administration, firing frequency was 1.96 Hz (±0.11) in mCherry expressing
control cells and 1.95 Hz (±0.11) in hM4Di expressing cells. After being bathed in
CNO (5 µM in 1% DMSO) the firing frequency of mCherry cells was unchanged
(1.96 Hz (±0.21), whereas the firing of hM4Di expressing cells was greatly
reduced (0.19 Hz ± 0.06; figure 4.11). This reduction was statistically significant
as a two way repeated measures ANOVA (virus × drug) revealed a significant
effect of drug (F(1,4)=37.04, p=0.004), and interaction between drug and virus
(F(1,4)=37.56, p=0.004). Overall this shows on the cellular level that CNO
effectively inhibits hM4Di-expressing neurons.
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hM4Di Expressing Neurons are Strongly Inhibited by CNO In Vitro
A) A representative trace of electrophysiological in vitro patch clamp recordings
of mCherry positive neurons in the PPT in control mCherry and hM4Di-mCherry
neurons before and after CNO treatment. B) Both types of neurons showed
similar spontaneous firing rates when the membrane potential was held at -50
mV. When treated with CNO, hM4Di neurons showed a drastic decrease in firing
frequency, whereas mCherry control neurons were unaffected (mCherry n=2,
hm4Di n=4 slices).
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In Vivo Electrophysiology
In order to observe the effects of DREADD-induced inhibition of the cholinergic
PPT neurons at the population level, and to determine if this inhibition impacts
auditory processing, we performed in vivo electrophysiological recordings
(mCherry n=5, hM4Di n=4 animals). For each animal, we normalized individual
multi-unit cluster activity to pre-CNO levels (%Change=activity with CNO/activity
pre-CNO, 100%=no change). As shown in figure 4.12C, we saw that
spontaneous activity was slightly, but significantly, decreased after systemic
CNO administration in hM4Di animals as their spontaneous firing frequency was
93% (±4) of pre-CNO levels, whereas the mCherry controls firing frequency was
106% (±3; t6=3.6, p=0.01). Moreover, the proportion of multi-units within each
animal that displayed a decrease in activity post-CNO (%Change<0) was also
significantly greater in hM4Di animals (70% ±8) compared to mCherry controls
(41% ±4; t6=3.63, p=0.01). This is displayed in figure 4.12D. As we expected to
inhibit only a subset of neurons within the PPT, i.e. cholinergic, but not
glutamatergic or GABAergic cells, our slight but significant inhibition of multi-unit
spontaneous activity confirms our DREADD system is functional at a population
level in vivo.
Interestingly, the auditory-evoked multi-unit activity to an 85 dB SPL noise burst
was unchanged after cholinergic inhibition by CNO administration (t6=1.7,
p=0.14). Control animals’ auditory-evoked activity was 103% (±3) of pre-CNO
levels, whereas hM4Di animals displayed 95% (±8) of pre-CNO activity. The
proportion of auditory-evoked multi-unit responses within each animal that
showed a decrease (%Change >0) was not different between groups either
(t6=1.5, p=0.18), with 40% ± 9.5 in mCherry animals and 57% ±14 in hM4Di
animals (figure 4.12E & F). Overall this suggests that auditory responsive cells in
the PPT are mainly non-cholinergic.
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Spontaneous Activity of Multi-Unit Clusters is Reduced in hM4Di Animals
via CNO
A) Depicts the target area of recording within the PPT. Image was adapted from
Paxinos and Watson (2005). B) The orange trace shows where the recording
electrode, coated with DiI, was placed, red cells are mCherry positive cells.
Included in this analysis are animals with recording sites verified within the PPT
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and close to mCherry positive cells. Scale bar is 200 µm. C) The activity of each
multi-unit was normalized to pre-CNO levels (100%, as indicated by the dotted
line) and averaged within each animal to create an overall average for each
group.

The spontaneous activity of multi-units in hM4Di expressing animal’s

post-CNO was significantly lower than controls (mCherry: 109%, hM4Di: 93%).
D) Additionally, the average proportion of multi-units that decreased their activity
(%Change <0) was significantly greater in hM4Di animals. E) Relative activity of
multi-units to auditory stimulation (85 dB SPL, 4 ms white noise) post CNO (preCNO = 100%, as indicated by the dotted line). Auditory responsiveness was not
different between groups post CNO. F) The proportion of multi-units that
displayed decreased activity (%Change <0) post CNO was also not different
between groups. This suggests that auditory responsiveness was intact in hM4Di
animals, despite inhibition of cholinergic neurons (hM4Di n=4, mCherry n=5).
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Conditioned Place Preference (Positive Behaviour Control)
Although the experiments above provide strong evidence that our DREADD
system inhibited cholinergic PPT neurons at the cellular and population level, it
was important to prove that our inhibition was also able to alter behaviour.
Therefore, as a positive behavioural control, we performed morphine-induced
CPP. A subset of male rats used in ASR testing were used for CPP testing
(n=6/group). Pre-treatment with CNO was given 30 min prior to all conditioning
sessions (morphine and saline-paired environments). On the test day the time
spent in each chamber was analysed using a three way repeated measures
ANOVA (virus × drug × environment type).
We observed that DREADD-induced inhibition of cholinergic neurons disrupted
the development of CPP. We found a significant effect of drug (F(1,10)=5.9 ,
p=0.03) and interaction between drug and virus type (F(1,10)=5.3, p=0.04). Post
hoc t-tests revealed that on average, control animals spent more time exploring a
morphine-paired environment compared to the saline-paired (t5=3.6, p=0.02).
There was no place preference in the hM4Di animals (t5=0.06, p=0.94), as shown
in figure 4.13A. We further quantified this using a preference score (time in
morphine-paired environment/time in saline; 1=no preference). As shown in
figure 4.13B, mCherry expressing control animals displayed a preference score
of 3.96 (±0.7) which was significantly greater than one (one sample t-test; t5=2.9,
p=0.02), indicating a strong preference for morphine. Again, this was absent in
hM4Di animals who had a score of 1.20 (±0.34; one sample t-test t5=0.8,
p=0.23). Overall this suggests that our DREADD-induced inhibition of cholinergic
PPT neurons was effective at preventing the development of CPP.
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Morphine-Induced Conditioned Place Preference is Blocked by Inhibition of
Cholinergic PPT Neurons
A) During the conditioning phase, both groups were pre-treated with CNO 20 min
prior to exposure to saline- or morphine-paired environments. We observed that
inhibition of cholinergic neurons disrupted the development of CPP. On test day
hM4Di animals spent equal time in both environments, whereas mCherry
controls spent more time in the morphine-paired environment, exhibiting CPP. B)
CPP within each animal was quantified using a preference score (time spent in
Morphine-paired environment/time in Saline, 1=no preference as indicated by the
dotted line). Animals expressing mCherry displayed a preference score
significantly greater than 1, but hM4Di animals did not (n=6 males/group).
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